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By Marta Gerowska 
 
Fluorescence is widely used in DNA sequencing and genetic analysis. Novel fluorescence 
techniques  for  studying  nucleic  acids  and  other  biologically  important  molecules  are 
constantly being developed. In order to provide efficient probes with desired fluorescent 
properties, new fluorophores and nucleic acids labelling chemistries are required. 
 
The synthesis of various cyanine dyes derivatives is described in this thesis. Dyes were 
designed for NHS-ester and click chemistry labelling of oligonucleotides. Additionally the 
synthesis of disperse blue quencher and a 2′-mesyl-modified thymidine monomer are also 
presented.  
 
A simple and convenient method of oligonucleotide labelling was developed. This method 
utilises the copper-catalysed 1,3-dipolar cycloaddition reaction (known as click chemistry) 
between  alkyne-modified  cyanine  dyes  and  azide  modified  oligonucleotides.  The 
conditions of the labelling were optimised and have proved efficient for solid-phase and 
solution-phase labelling of oligonucleotides with alkyne-functionalised dyes.  
 
Click labelling was applied for the preparation of a series of HyBeacon probes and their 
fluorescence properties were investigated. The click-labelled HyBeacons were compared 
with HyBeacons labelled with standard cyanine dye NHS-esters showing improvements in 
the properties of the probes labelled by click chemistry.  
 
The  thesis  also  contains  a  detailed  discussion  of  the  photophysical  properties  of  free 
cyanine dyes in solution and while attached to oligonucleotide probes.    ii 
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1. Introduction 
 
1.1. Nucleic Acids 
 
1.1.1. Primary Structures of DNA and RNA 
 
Nucleic  acids  are  biologically  important  molecules  responsible  for  carrying  genetic 
information. The naturally occurring nucleic acids are deoxyribonucleic acid (DNA) and 
ribonucleic  acid  (RNA).  Nucleic  acids  are  long  polymers  built  from  monomers  called 
nucleotides,  which  are  constructed  from  three  smaller  components;  heterocyclic  base 
containing  nitrogen,  a  pentose  sugar,  and  a  phosphate  residue.  The  major  bases  are 
pyrimidines: cytosine (C), thymine (T), uracil (U), and purines: adenine (A) and guanine 
(G) (Figure 1.1). Both purines and cytosine were found in DNA and RNA, while thymine 
is naturally present in DNA and uracil in RNA. 
 
 
 
Figure  1.1.  Structures  of  heterocyclic  bases  present  in  nucleic  acids.  Pyrimidines:  C  –  Cytosine,  T  – 
Thymine, U – Uracil; Purines: A – Adenine, G – Guanine.   
 
 
The heterocyclic bases are joined to a pentose sugar via N-glycosilic bond between N-1 
(pyrimidines), N-9 (purines) and a C-1′ of a sugar to form a nucleoside (Figure 1.2). The 
pentose sugar in RNA is D-ribose, while in DNA the sugar is 2′-deoxy-D-ribose. The four 
major  deoxynucleosides  of  DNA  are  called  deoxyadenosine,  deoxyguanosine, Chapter 1 – Introduction 
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deoxycytidine, and deoxythymidine. The four ribonucleosides are adenosine, guanosine, 
cytidine and uridine. The heterocyclic base can lie on the same face of the sugar ring as the 
5′-hydroxyl  group  (β-anomer)  or  on  the  opposite  face  (ʱ-anomer).  DNA  contains  all 
nucleosides in the β-configuration (Figure 1.2.).  
 
 
 
Figure 1.2. ʱ- and β-configuration of DNA nucleosides. 
 
 
The relative rotation of the heterocyclic base and sugar around the glycosylic bond gives 
two possible conformations of the nucleosides, syn and anti (Figure 1.3.). 
 
 
 
Figure 1.3. Anti and syn conformations of deoxyadenosine. 
 
 
The phosphate esters of nucleosides are called nucleotides and the nucleosides are joined 
together by phosphodiester linkages to form nucleic acid strands. In both DNA and RNA, 
the sugar moiety can adopt conformations between two extremes by twisting the ring out 
of plane to minimise the steric and electronic interactions with neighbouring groups (sugar 
puckering). When the substituent on the carbon C-2′ or C-3′ is on the same side of the ring 
as  the  C-5′  the  conformation  is  called  endo.  DNA  adopts  mainly  S-type  (Southern) Chapter 1 - Introduction 
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conformation with C-2′ endo displacement of deoxyribose and RNA adopts mainly N-type 
(Northern) conformation with C-3′ endo ribose displacement (Figure 1.4.).  
 
 
Figure 1.4. C-2′ endo and C-3′ endo sugar conformations. 
 
 
Nucleic acids have directionality starting from 5′-OH (primary OH) on one end to the 3′-
OH (secondary) on the other end of oligonucleotide, therefore nucleic acid sequences are 
conventionally written in the 5′ to 3′ direction. 
 
 
Figure 1.5. Primary structure of DNA. Example drawn is a single stranded 5′-TGAC-3′. Chapter 1 – Introduction 
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1.1.2. Secondary Structures of DNA and RNA 
 
The double helical secondary structure of DNA was determined by James Watson and 
Francis Crick in 1953.
1 Their discovery was based on observations made by Chargaff et al. 
that the ratio of purines and pyrimidines in cells is always 1:1
2,3 and by Maurice Wilkins 
and Rosalind Franklin, who showed, based on X-ray crystallography, that the secondary 
structure of DNA is helical and also, that it can differ depending on humidity.
4 
 
Secondary structure of DNA and RNA is defined by hydrogen bonds forming between 
bases in the two opposite strands. The most common are Watson-Crick base pairs, where G 
is complementary to C and A is complementary to T (Figure 1.6.). The antiparallel strands 
are  coiled  around  each  other  forming  the  helix  structure  with  the  negatively  charged 
phosphate backbone on the outside of the helix and hydrophobic bases stacking upon each 
other at the centre of the helix. Both base stacking and hydrogen bonding determine the 
stability of the duplex. 
 
 
 
Figure 1.6. Watson-Crick base pairing. 
 
DNA can adopt three major conformations, A-, B- and Z-forms (Figure 1.7.) The strands in 
all conformations are antiparallel. A-DNA and B-DNA are right-handed helices and Z-
DNA is left-handed. A-DNA is more likely to form in low humidity, while B-form is more 
common in high humidity.  
 
The A-form duplex is wide and compact with 11 base pairs per one helix turn, which is 28 
Å.  The  distance  along  helical  axis  between  nucleotides  (axial  rise)  is  2.55  Å  and  the 
diameter of the helix is 23 Å. The minor groove is wide and shallow and the major groove 
is  narrow  and  deep.  The  sugar  has  C-3′  endo  pucker  and  nucleosides  are  in  the  anti Chapter 1 - Introduction 
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conformation. Double-stranded RNA adopts the A-form structure, which is very similar to 
A-form of DNA.  
 
 
 
Figure 1.7. A, B, and Z forms of DNA duplexes. 
 
 
B-DNA (Figure 1.8.) is the most common and biologically relevant form of DNA. B-DNA 
has major and minor grooves of a similar depth, both of them are deep, but the major 
groove is wide (about 12 Å) and the minor groove is narrow (about 6 Å). The bases stack 
on top of each other and are almost perpendicular to the helix axis with an axial rise of 3.4 
Å. The helix pitch is 34 Å with 10 base pairs per one helical turn and the helix diameter is 
20 Å. The furanose rings have the C-2′ endo pucker and the nucleosides have the anti 
conformation.  B-DNA  is  quite  flexible  and  permits  conformational  changes  in  the 
backbone depending on local base sequences.  
 
 Chapter 1 – Introduction 
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Figure 1.8. Structural parameters of B-DNA. 
 
Z-DNA is a left-handed helix with a flat major groove and deep, narrow minor groove. The 
diameter of the Z-form helix is smaller (18 Å) and the helix pitch is longer (45 Å) with 
11.6  base  pairs  per  one  turn.  The  phosphate  backbone  has  a  zig-zag  appearance.  The 
pyrimidines are in the anti conformation and the sugars have C-2′ endo pucker, while the 
purines adopt the syn conformation with the sugars in the C-3′ endo conformation.  
 
 
1.1.3. The Genetic Code 
 
Genetic information is encoded by the sequence of nucleobases in a nucleic acid chain and 
is grouped into regions called genes. There are 3 x 10
9 DNA base pairs in the nucleus of 
human cells stored in 23 chromosomes. The human genome contains about 30,000 protein-
coding  genes  (exons),  while  95  %  of  the  human  genome  does  not  code  for  proteins 
(introns)  and  has  regulatory  functions,  some  of  which  are  directly  related  to  gene 
expression. The sequence of nucleobases directly corresponds to the amino acids sequence 
in  the primary structure of proteins.  However,  DNA is  only the carrier of the  genetic 
information. The synthesis of proteins is carried out on messenger RNA (mRNA), the 
sequence of which  is transcribed from DNA. Three nucleobases on mRNA, called codons Chapter 1 - Introduction 
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represent one amino acid. There are 4 kinds of nucleobases in RNA (A, G, C, U), therefore 
there are 64 possible codons. Many amino acids are encoded by several triplet codes on 
mRNA, which gives rise to the degeneracy of the genetic code. The code on mRNA is read 
by tRNA which transports the correct amino acid to the mRNA allowing the translation of 
the mRNA into proteins. 
 
DNA  and  RNA  are  responsible  for  the  most  important  biological  processes  in  living 
organisms, therefore their detection and studies of the properties are of major interest in 
biochemical research.    
 
 
1.2. Nucleic Acid Labelling 
 
1.2.1. Labelling Strategies 
 
Fluorescent  labelling  of  DNA  is  the  major  detection  method  in  DNA  diagnostics, 
sequencing and genomic analysis.
5 Fluorescent probes have found wide applications in 
detection of genetic variations and single nucleotide polymorphism identification. Among 
the  most  commonly  used  probes  are  Molecular  Beacons,
6-10  HyBeacons,
11-13  Hairpin 
primers,
14 Scorpion Primers,
15,16 TaqMan probes,
17,18 and Hybridization probes.
19 These 
methods are described in further sections (Section 1.5.). A number of labelling strategies 
have been developed for biomolecular analysis and can be divided into two main routes, 
addition of the fluorophore during solid-phase oligonucleotide synthesis and post-synthetic 
labelling.  The  first  method  requires  the  availability  of  phosphoramidite  monomers,  in 
which the dye is attached to a nucleobase, sugar, or an artificial backbone. This method is 
usually high yielding and has good selectivity, but requires more complicated monomers, 
which are often not commercially available and is not feasible if the dye is unstable to 
oligonucleotide deprotection conditions. The second approach, post-synthetic labelling is 
usually  accomplished  by  the  reaction  between  amino-modified  monomer  in  the 
oligonucleotide  and  active  ester  of  the  fluorophore.
20,21  There  is  a  wide  range  of 
commercially available monomers and dye-NHS esters for post-synthetic labelling, but this 
method can suffer from lack of selectivity and low yields for multiple additions of the 
fluorophores, especially if different fluorophores in one probe are required. The attachment 
of the dye to a nucleobase places the dye in the major groove of the DNA, while the Chapter 1 – Introduction 
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attachment to the sugar moiety places the dye in the minor groove of the DNA (Figure 
1.9.). 
 
 
Figure 1.9. Positions of fluorophore attachment: R: 5-position of the base and R′: 2′-position of the sugar. 
     
         
Oligonucleotides  can  be  labelled  post-synthetically  at  their  5′  end  via  the  use  of  an 
aminoalkyl phosphoramidite (Figure 1.10. A) or at the 3′ end via aminoalkyl modified 
CPG (Figure 1.10. B). Internal labelling of oligonucleotides can be achieved via the use of 
aminoalkyl  modified  bases,  the  most  common  are  aminoC6dT  (aminohexyl-
deoxythymidine) and aminoC2dT (aminoethyl-deoxythymidine) (Figure 1.10. C and D).   
 
 
 
 
Figure 1.10. Aminoalkyl monomers and solid supports used for introduction of the reactive amino group for 
post-synthetic labelling of oligonucleotides.  A: aminoalkyl phosphoramidite (5′ labelling); B: aminoalkyl 
modified  CPG,  lcaa  –  long  chain  amino  alkyl  (3′  labelling);  C:  aminoC6dT,  D:  aminoC2dT  (internal 
labelling). 
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Figure 1.11. Examples of commercially available fluorophores. A: Fluorescein NHS-ester, B: Texas Red 
NHS-ester, C: Cy5 NHS-ester, D: Cy3 phosphoramidite. 
 
 
An  alternative  labelling  strategy  to  the  aforementioned  methods  is  labelling  by  click 
chemistry.  
 
 
1.2.2. Click Chemistry 
 
1.2.2.1. Development and Mechanism of Click Chemistry  
 
Copper-catalysed azide-alkyne 1,3-dipolar cycloaddition (CuAAC) is a reaction between 
terminal alkynes and azides and is an example of ′Click Chemistry′. The general concept of 
1,3-dipolar cycloadditions
22 was developed by Rolf Huisgen and found many applications 
in  organic  synthesis.  The  term  ′click  chemistry′  was  introduced  by  Kolb,  Finn,  and Chapter 1 – Introduction 
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Sharpless  in  2001  to  describe  highly  efficient  and  selective  chemical  reactions.
23  The 
discovery  that  Cu(I)  catalyses  the  click  reaction  was  made  in  2002  by  two  groups 
independently, Fokin and Sharpless et al.
24 and Meldal et al.
25 Many applications of click 
chemistry  were  rapidly  developed.
26,27  The  use  of  a  copper  (I)  catalyst  increases  the 
reaction rate by more than 6 orders of magnitude, and leads to a regiospecific reaction 
between  azides  and  terminal  alkynes  to  give  only  1,4-disubstituted  1,2,3-triazoles.
28 A 
number of copper (I) salts can be used; CuI, CuBr, CuOTf·C6H6, or [Cu(NCCH3)4] [PF6] 
in acetonitrile as a solvent and a nitrogen base such as 2,6-lutidine, Et3N, or DIPEA. This 
method often leads to the formation of undesired by-products. The best catalyst for the 
click reactions is copper (I) prepared  in situ by reduction of copper (II) salts, such as 
readily available and stable copper (II) sulphate pentahydrate, or copper (II) acetate.
24 The 
most commonly used reducing reagents are ascorbic acid and sodium ascorbate. Due to the 
thermodynamic  instability  of  Cu(I),  which  is  readily  oxidised  to  Cu(II)  and 
disproportionates  to Cu(0) and Cu(II), inert  atmospheres are needed.
29 Nitrogen-based 
ligands play an important role in the copper-catalysed reaction. Polytriazoles, like tris-
hydroxypropyl triazole ligand or tris-(benzyltriazolylmethyl)amine (TBTA) are commonly 
used (Figure 1.12.).
30 The former is more suitable for reactions in aqueous solutions, while 
the latter is more desirable for use in organic solvents. These ligands bind to copper (I), 
stabilising  the  +1  oxidation  state,  and  prevent  Cu(I)-induced  degradation  of  biological 
molecules.  
 
 
 
Figure 1.12. Cu(I)-binding polytriazole ligands for click chemistry. A: tris-hydroxypropyl triazole ligand; B: 
tris-(benzyltriazolylmethyl)amine – TBTA. 
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The mechanism in figure 1.13. was proposed for the copper-catalysed ligation by Fokin 
and Sharpless.
24 The catalytic cycle of this reaction begins with the formation of the copper 
(I) acetylide (B) between the terminal alkyne (A) and Cu(I). After the addition of azide, the 
process of ligation goes through the formation of six-member copper intermediate (D). 
Rearrangement of this copper-triazole complex leads to the final product, which is 1,4-
disubstituted 1,2,3-triazole (F).
24 
 
 
 
Figure 1.13. Catalytic cycle of the Copper (I)-catalysed ligation. 
 
 
Due  to  its  high  selectivity  and  efficiency,  the  copper  (I)  catalysed  ligation  has  been 
extensively  exploited  in  organic  and  bioorganic  synthesis.  Azides  and  alkynes  can  be 
easily introduced to organic molecules, they are unreactive to almost all the functional 
groups present in biological systems and they are stable under a wide variety of conditions. 
Additionally the resulting triazole moiety is not toxic and therefore suitable for in vivo 
applications. Those favourable characteristics contributed to the wide use of the CuAAC 
reaction as a method of attachment of almost any reporter group to nucleic acids, peptides, 
sugars and other biomolecules.    
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1.2.2.2. Nucleic Acids Labelling by Click Chemistry 
 
Click  Chemistry  has  become  an  important  method  for  labelling  nucleic  acids  with 
fluorescent  dyes  and  other  reporter  groups.
27  The  most  common  approach  is  to  react 
alkyne-modified DNA with azide-modified labelling molecules. Carell et al. reported the 
preparation  of  alkyne-modified  oligonucleotides  by  incorporation  of  alkyne  modified 
deoxyuridines (Figure 1.14. A and B).
31-33 They studied the efficiency of click labelling on 
oligonucleotides  containing  multiple  additions  of  alkyne-modified  deoxyuridines  (5-
octadiynyl-deoxyuridine  and  5-ethynyl-deoxyuridine)  with  azide-labelled  carbohydrates, 
coumarin,  and  fluorescein  (Figure  1.14.  E  and  G).  Wagenknecht  et  al.  reported  an 
alternative approach using phenoxazinium (Figure 1.14. F) and coumarin azide-modified 
fluorophores  for  the  labelling  of  oligonucleotides  modified  with  2′-alkyne  substituted 
uridine. They also used a nucleoside mimic, an alkyne-modified acyclic linker which can 
be placed between phosphodiesters in DNA (Figure 1.14. C and D).
34  
 
 
Figure  1.14.  Structures  of  alkyne-modified  monomers  for  the  incorporation  into  oligonucleotides  and 
examples of azide-modified fluorophores.
31-34 A: 5-ethynyl-deoxyuridine, B: 5-octadiynyl-deoxyuridine, C: 
2′-O-propargyl-uridine,  D:  ethynyl  propylcarbamate,  E:  coumarin  azide,  F:  phenoxazinium  azide,  G: 
fluorescein azide. Chapter 1 - Introduction 
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Alkyne-modified oligonucleotides have also been studied by Seela et al., who synthesised 
a series of 7-alkyne-functionalised deazapurines and 5-alkyne-modified pyrimidines for 
click chemistry labelling. They have also explored the influence of the different alkyne 
substitutions on duplex stability.
35-37  
 
There are many examples of labelling alkyne-functionalised oligonucleotides with azide-
modified  dyes,
31-37  but  examples  of  the  click  labelling  on  azide-functionalised 
oligonucleotides and alkyne-dyes are limited. This is because of the known incompatibility 
of the azide group with P(III) chemistry. Azides can react with P(III) in the Staudinger 
reaction.
38-40 The first example of labelling using an alkyne dye and azide-functionalised 
oligonucleotide was reported by Seo et al., who labelled a 5′-azide oligonucleotide with 
alkyne-modified fluorescein in the absence of Cu(I). Despite good efficiency, the reaction 
required 150-fold excess of the dye, high temperature (80 °C) and long reaction time (72 
h).
41 The introduction of the azide group was achieved by the reaction of succinimidyl 5-
azidovalerate (Figure 1.15. A) with a 5′-aminoalkyl-oligonucleotide. An alternative method 
of introducing an azide to the 5′ end of an oligonucleotide was described by Lietard et al. 
and was achieved by coupling bromohexyl phosphoramidite (Figure 1.15. B) to the 5′ end 
of an oligonucleotide and displacing the bromo group to with azide by treatment with 
sodium azide in DMF at 65 °C.
42  
 
 
 
 
Figure 1.15. Introduction of azide onto the 5′ end (A, B) and 3′ end (C) of oligonucleotides. A: succinimidyl 
5-azidovalerate,
41  B:  bromohexyl  phosphoramidite,
42  C:  3′-azido-3′-deoxyadenosine-functionalised  solid 
support.
43 
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Recently, Micura et al. reported the synthesis of monomers for the incorporation of azide 
functionality into an internal position of the oligonucleotide. They synthesised 2′-azido-2′-
deoxyuridine and 2′-azido-2′-deoxyadenosine-3′-phosphodiester monomers (Figure 1.16. A 
and  B)  and  incorporated  them  into  RNA  strands  by  phosphotriester  manual  coupling 
during  solid-phase  synthesis.  This  approach  allowed  them  to  avoid  the  undesired 
Staudinger reaction between an azide and P(III).
44 Micura et al. also synthesised 3′-azido-
modified tRNA using  a 3′-azido-3′-deoxyadenosine-functionalised solid support for the 
solid-phase synthesis of the RNA (Figure 1.15. C).
43,45 Finally, Kiviniemi et al. reported 
the  synthesis  of  the  4′-C-azidomethylthymidine  (Figure  1.16.  C).  Unfortunately  this 
monomer could not be used for standard solid phase phosphoramidite synthesis, therefore 
it was incorporated to the oligonucleotide by H-phosphonate chemistry.
46    
 
 
Figure  1.16.  Monomers  for  the  internal  incorporation  of  azide  into  oligonucleotides.  A:  2′-azido-2′-
deoxyuridine-O-chlorophenyl  phosphodiester,
44  B:  2′-azido-2′-deoxyadenosine-3′-O-chlorophenyl 
phosphodiester,
44 C: 4′-C-azidomethylthymidine 3′-(H-phosphonate).
46   
 
 
Fluorescent labelling is not the only area where click chemistry has proved to be very 
convenient and efficient. It has been used for covalent cross-linking of complementary 
DNA strands to form very stable duplexes
47 and for photoligation.
48 Click chemistry was 
used to synthesise DNA with a triazole instead of phosphodiester linkages
49-51 and the 
artificial DNA was used as a template in PCR.
52 Chemical ligation of DNA strands was 
also used to synthesised cyclic DNA catenanes
53 and very stable mini-DNA duplexes.
54  
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1.3. Fluorescence 
 
1.3.1. Mechanism of Fluorescence 
Fluorescence is the process which occurs when atoms or molecules (fluorophores) absorb a 
photon of light of specific wavelength (excitation wavelength, λex) and emit a photon of 
lower energy at higher wavelength (emission wavelength, λem). The process that occurs 
between  the  absorption  and  emission  is  described  by  the  Jablonski  diagram  (Figure 
1.17.).
55  
 
 
 
Figure 1.17. Jablonski Energy Level diagram illustrating the pathway of an excited electron: hνa – photon 
absorption, hνb – fluorescence emission, hνc – phosphorescence, S0 – ground state, Sn – singlet states, T – 
triplet state, IC – internal conversion, ISC – intersystem crossing. 
 
 
After absorption of light (hνa), a fluorophore is usually excited to a higher vibrational 
energy level (excited singlet state S1, S2, Sn) and then undergoes non-radiative relaxation to 
the lowest vibrational level of an excited singlet state (S1) in a process called internal 
conversion (IC). The excited fluorophore can return to a ground state (S0) by emission of a 
photon (hνb), a process which is known as fluorescence, or by non-radiative transfer of 
energy.  Absorption  occurs  on  a  femtosecond  scale  (10
-15  s),  internal  conversion  on  a 
picosecond scale (10
-12 s), while the fluorescence lifetime is typically10
-8 s.
55 The process 
of absorption (hνa) is higher in energy (and higher frequency) than the emission (hνb), thus 
the  emission  occurs  at  longer  wavelength.  The  difference  in  energy  is  lost  as  thermal 
energy. This process was first described by George Stokes in 1852 and the difference in 
wavelength between absorption and emission is therefore called the Stokes shift.
55 The 
Stokes  shift  varies  between  different  fluorophores  and  plays  an  important  role  in Chapter 1 – Introduction 
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fluorescent detection, because it allows the separation of the emission wavelength from the 
excitation wavelength. Fluorescence in general can be described as: 
 
 
Figure 1.18. Process of fluorescence. a: Absorption of a photon (excitation), b: Fluorescence (emission of 
the photon). hν – generic term for photon energy, where h – Planck′s constant (6.626069 x 10
-34 J x s), ν – 
frequency of light. 
 
 
Molecules in the singlet state (S1) can also undergo a spin conversion to the first triplet 
state (T1) and emit a photon (hνc) in a process called phosphorescence, which occurs at 
longer wavelengths than fluorescence. This transition from S1 to T1 (energy state of higher 
spin  multiplicity)  is  called  intersystem  crossing  (ISC)  and  is  forbidden  in  quantum 
mechanics. This process is kinetically unfavoured, therefore it occurs on much slower time 
scales and longer emission lifetimes.      
 
Fluorophores are usually characterised by their extinction coefficient, fluorescence lifetime 
and  quantum  yield.  Quantum  yield  (Equation  1.1.)  is  the  number  of  emitted  photons 
relative to the number of absorbed photons and extinction coefficient (Equation 1.2.) is a 
measure of the efficiency of light absorption by a molecule as a function of concentration.  
 
 
Equation 1.1. Extinction coefficient according to the Beer-Lambert law; where: ε – extinction coefficient, A 
– absorbance at λmax, c – concentration (M), l – pathlength (1 cm).  
 
 
Equation1.2. Quantum yield; where: Φ – quantum yield of the sample, ΦR – quantum yield of the reference, 
I – integrated intensity (area) of the sample, IR – integrated intensity (area) of the reference, OD – optical 
density of the sample, ODR – optical density of the reference, η – refractive index of the sample solvent, ηR – 
refractive index of the reference solvent. Chapter 1 - Introduction 
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The fluorescence lifetime is the time during which the excited fluorophore can interact 
with  or  diffuse  in  its  environment.  The  lifetime  of  the  excited  state  is  defined  by  the 
average time the molecule spends in the excited state before it returns to the ground state.
55 
The brightness of a fluorophore is defined by its extinction coefficient as well as quantum 
yield.  
 
1.3.2. Fluorescence Quenching 
 
Current fluorescence detection techniques are based mainly on fluorescence quenching by 
energy  transfer  between  two  fluorophores  or  fluorophores  and  quenchers.  In  general, 
quenching  is  the  decrease  in  emission  intensity  and  can  occur  by  three  different 
mechanisms. Energy can be non-radiatively transferred between donor (fluorophore) and 
acceptor (quencher) through dynamic or static quenching.
56  
 
Dynamic quenching occurs while the donor is in the excited state and can be explained by 
two mechanisms (FRET and collisional quenching):   
 
a) Fluorescence (or Förster) Resonance Energy Transfer (FRET) quenching:   
The  Förster  mechanism  of  quenching  is  based  on  classical  dipole-dipole  interactions 
between the transition dipoles of the donor and acceptor. In this non-radiative process, 
energy is transferred from an excited fluorophore (donor) to another molecule (acceptor). 
The  donor  fluorophore  returns  from  excited  state  to  a  ground  state  without  emitting 
fluorescence.  The  acceptor  can  either  emit  the  transferred  energy  as  fluorescence 
(fluorophore)  or  the  absorbed  energy  is  lost  as  a  heat  (when  the  acceptor  is  a  non-
fluorescent molecule). This mechanism strictly depends on the distance between the donor 
and acceptor and on the spectral overlap of the donor emission spectrum with absorption 
spectrum of the acceptor. Typical effective distances between the donor and acceptor in 
nucleic acid probes are in the range of 10-100 Å, which is on average 3-30 nucleotides.
57,58 
 
b) Collisional (Dexter) fluorescence quenching: 
Dexter  (collisional  energy  transfer)  is  a  short-range  interaction  and  it  depends  on  the 
spatial overlap of donor and acceptor molecular orbitals. This mechanism occurs when the 
excited fluorophore is in close proximity with the quencher, and results in deactivation of 
excited molecules without radiative decay. Chapter 1 – Introduction 
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Alternatively  to  the  dynamic  quenching  mechanism,  fluorescence  quenching  can  also 
occur as a result of the formation of a non-fluorescent complex between the donor and 
acceptor, this mechanism is known as: 
 
c) Static quenching (contact quenching): 
This mechanism is often called “ground-state complex formation” and does not require the 
fluorophore to be in the exited state. In contact quenching, donor and acceptor interact by 
proton-coupled  electron  transfer  via  formation  of  hydrogen  bonds.  After  the  non-
fluorescent complex between donor and acceptor absorbs light, the excited state returns to 
the ground state. In that process there is no photon emission and the molecules do not 
exhibit fluorescence emission. 
 
 
 
Figure 1.19. Fluorescence quenching. A: Dynamic quenching (weak, distance dependent coupling), where 
upon absorption of light F→F
* the energy is transferred to the acceptor
 F
*→Q* then the energy is lost non-
radiatively if the acceptor is a non-fluorescent molecule Q*→Q (collisional quenching) or emitted by another 
fluorophore Q*→F2 (FRET); B: Static Quenching (strong coupling), where the energy from non-fluorescent 
ground state complex is lost non-radiatively [FQ]*→[FQ].   
F - fluorophore (donor), Q – quencher (acceptor), F2 – Fluorophore (acceptor), [FQ] – ground state complex 
of fluorophore-quencher, * - excited state.   Chapter 1 - Introduction 
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Depending  on  physical  properties  and  geometry,  dyes  can  interact  through  static 
quenching, energy transfer, dark quenching, or electron transfer.
56,59 These processes have 
found very wide applications in molecular biology and genetic analysis.
60-62 Preparation of 
dye-labelled nucleic acid probes and development of new techniques for measuring energy 
transfer  in  vivo  have  become  very  important  for  structural  and  molecular  biology. 
Fluorescence resonance energy transfer is widely used for studying structure and dynamics 
of nucleic acids.
63 For that purpose it is crucial to design a suitable donor-acceptor FRET 
pair with efficient energy transfer.
64 
 
 
1.4. Fluorescence Applications in Molecular Biology  
 
Fluorescence  is  the  main  detection  method  in  DNA  diagnostics,  DNA  sequencing, 
genomics and forensic analysis.
5,65 New fluorescence techniques are being developed to 
provide  highly  sensitive  methods  for  studying  nucleic  acids,  proteins  and  other 
biomolecules both in vitro and in vivo. Fluorescence has been applied to real-time PCR, 
studying distances in biological systems (FRET), sequencing methods, fluorescence in situ 
hybridisation (FISH), DNA microarrays, and for bioimaging of living cells. 
 
 
1.4.1. Polymerase Chain Reaction (PCR) 
 
The polymerase chain reaction is a technique used to amplify a desired target region of 
DNA (amplicon) allowing the amplification of a small amount of genetic material to many 
millions of copies. PCR is based on repeated thermal cycles and starts with a denaturation 
step, which involves heating the sample to 95 °C in order to separate the DNA template 
into two separate strands (Figure 1.20.). In the second step, the temperature is lowered to 
about 55 °C (depending on the duplex melting temperature) allowing the primers to anneal 
to the DNA template. Primers are short oligonucleotide sequences complementary to a 
region of the DNA region of interest. In the last step of the PCR cycle, the temperature is 
raised to 70-72 °C (depending on the type of DNA polymerase used) to allow primer 
extension. The enzyme allows extension of the primers from the 3′-end by incorporation of 
deoxyribonucleotide triphosphates  (dNTPs) opposite to  the bases  in  the DNA template 
strand. A new DNA strand is produced and the whole cycle is repeated many times.    Chapter 1 – Introduction 
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Figure 1.20. PCR thermal cycle. DNA template – blue lines, primers – red arrows, copied DNA – green line, 
DNA polymerase – green circle.  
 
 
In the subsequent cycles of the PCR each DNA strand synthesised in the previous cycle 
acts as a new template allowing an exponential growth of the DNA product (Figure 1.21.). 
The PCR product can be analysed by agarose gel electrophoresis, which allows separation 
of the DNA strands depending on their length.  
 
 
 
Figure 1.21. Products of the three first PCR cycles. Chapter 1 - Introduction 
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The  quantification  in  real-time  of  the  PCR  product  can  be  achieved  by  the  use  of  a 
fluorescence signal from the addition of either a DNA binding dye or the use of fluorescent 
probes.
66 This method is called a real-time polymerase chain reaction (RT-PCR) and is 
particularly  useful  when  accurate  concentration  of  genetic  material  needs  to  be 
determined.
67 Real-time PCR is used for genotyping, and when probes such as molecular 
beacons, TaqMan probes or Scorpions are used (Section 1.5.) it permits the differentiation 
between  wild-type,  heterozygous,  and  mutant-type  genotypes  and  single  nucleotide 
polymorphism (SNP) detection.
68,69 
 
   
1.4.2. Fluorescence in situ Hybridisation (FISH) 
 
Fluorescence  in  situ  hybridisation  is  a  technique  developed  to  detect  the  presence  or 
absence  of  specific  DNA  sequences  localised  within  the  chromosomes.
70  FISH  uses 
fluorescent probes which bind to complementary target sequences of DNA or RNA. The 
probe length has to be carefully designed to assure a specific binding to a target of interest.  
FISH has been used to detect diseases caused by chromosomal insertion, translocations 
inversions, and deletions.
71-73 This technique has been applied for a lab-on-a-chip analysis 
and it involves the use of various fluorescent probes.
74 
 
 
1.4.3. Microarrays 
 
A microarray is a 2D array on a glass slide or silicon film, on which a large amount of 
biological material can be analysed using high-throughput screening methods. Microarrays 
for  nucleic  acid  detection  are  particularly  useful  in  gene  expression  profiling,  where 
hundreds  or  thousands  of  sequences  need  to  be  analysed  simultaneously.  The  most 
common ones are cDNA, oligonucleotide and SNP microarrays.
75-77  
 
The  design  of  the  microarray  depends  on  the  target.  For  diagnostic  purposes  smaller 
microarrays with specific, known target sequences are usually used, while identification 
with  novel  responding  genes  requires  the  use  of  larger  arrays  with  unspecified  target 
sequences.
78 DNA microarrays can be used to detect both DNA and RNA. RNA is detected 
as cDNA after reverse transcription. In a simple approach of gene expression profiling or Chapter 1 – Introduction 
 
  24 
quantification by DNA microarrays, specific oligonucleotide probes are fixed to the solid 
support of the microchip (Figure 1.22.). The location of the oligonucleotides is known and 
controlled  by  a  robotic  machine.  mRNA  samples  are  reverse  transcribed  to  cDNA 
including the incorporation of fluorescently labelled dCTP and dUTP. The labelled cDNA 
samples  are  hybridised  to  the  array  and  after  washing,  the  microarray  is  analysed  by 
fluorescence microscopy, normally a confocal microscope. The fluorescent signal at each 
spot  on  the  microarray  corresponds  to  a  complementary  bound  sequence  of  analysed 
material.  The  use  of  different  dyes  can  provide  a  multi-colour  hybridisation  system 
allowing various expression measurements. Cyanine dyes, particularly Cy3 and Cy5 are 
the most commonly used class of dyes in microarray technology.
76  
 
 
 
Figure  1.22.  Hybridisation  of  fluorescently  labelled  target  sequences  to  DNA  probes  attached  to  a 
microarray. 
 
 
There are many different types of microarrays that have been developed to study various 
biomolecules,  like  protein  microarrays,  carbohydrate,  tissue,  cellular  or  antibody 
microarrays.
79  The  advantages  of  microarray  technologies  are  the  small  size  of  the 
microarrays, high sensitivity and the ability to screen a large number of biological samples 
using a relatively small amount of starting material. Chapter 1 - Introduction 
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1.4.4. Fluorescence Microscopy – Fluorescence Imaging 
 
Fluorescence  microscopy  has  become  an  important  method  for  studying  biological 
processes in living cells, tissues and animals due to its compatibility with living organisms. 
It is a relatively non-invasive technique used in fluorescent imaging. The most commonly 
used imaging techniques are laser scanning confocal microscopy (LSCM) and wide-field 
microscopy (WFM).
61,80 
 
Wide-field  microscopy  is  the  method,  where  the  entire  specimen  (cell  or  tissue)  is 
illuminated  with  light  and  the  image  can  be  observed  directly  by  eye  or  through  the 
camera.  WFM  collects  all  the  emitted  fluorescence  from  the  sample.  In  confocal 
microscopy the specimen is scanned laterally along the x and y axis by a focused laser 
beam. The focal spot of the image is narrower than in wide-field microscopy.
81 In LSCM 
only some of the emitted fluorescence reaches the detector, preventing the out-of-focus 
light from being collected. WFM is used for samples with a maximum 30 µm thickness, 
while LSCM is more suitable for thicker samples, like tissue samples.
82 Other method 
suitable for imaging thick samples is multiphoton excitation microscopy, which is a laser 
scanning technique like confocal microscopy, but it uses two or more photons of a long 
wavelength to excite the fluorophore instead of a single photon of a shorter wavelength.
80 
A  number  of  novel  fluorescent  microscopy  methods  are  based  on  single-molecule 
fluorescence.
61,81  
 
In the last decade new microscopy techniques have evolved dramatically to overcome the 
lateral  resolution  diffraction  limit
80  and  therefore  are  called  super-resolution  imaging 
techniques. Super-resolution imaging techniques operates mainly in far-red regions, they 
overcome the diffraction limit by spatially and temporally adjusting the transitions in the 
molecular states of the fluorophore, i.e. bright and dark state (on and off state). Among the 
most  recent  techniques  that  can  detect  single  molecules  with  high  accuracy  are 
photoactivated  localisation  microscopy  (PALM),
83  fluorescence  photoactivation 
localisation  microscopy  (FPALM)
84  and  stochastic  optical  reconstruction  microscopy 
(STORM).
85,86 Localisation of single molecule by these methods can be achieved with 
about 1 nm accuracy
80 and imaging is achieved by repeated cycles where in each cycle 
most molecules are in a dark state and only some molecules are stochastically switched on. 
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There are also fluorescence methods which use photobleaching processes for bioimaging. 
Fluorescence  recovery  after  photobleaching  (FRAP)  relies  on  rapid  and  irreversible 
photobleaching of the particular region and then detects the recovery of fluorescence in 
that region when non-bleached molecules migrate from adjacent regions. The fluorescence 
loss in photobleaching (FLIP) technique measures the loss of fluorescence in the observed 
region  after  photobleaching  the  adjacent  region.  This  method  has  the  advantage  over 
FRAP,  as  measurements  are  taken  from  the  region  which  is  not  photobleached,  thus 
eliminating the risk of photodamage of the biological material.
82 
 
The main classes  of fluorescent  labels  which  are used in  super-resolution  imaging are 
inorganic  quantum  dots,  reversible  photoactivable  fluorophores  (photoswitchers)  and 
irreversible photoactivable fluorophores (photocaged fluorophores).
80 The photoswitching 
mechanism along with its application in fluorescent imagining is discussed in section 1.6.4.  
 
 
1.5. Fluorescent Probes for Nucleic Acid Detection 
 
Fluorescent probes have found wide applications in DNA sequencing, genetic analysis and 
DNA diagnostics. They are used to detect genetic variations in DNA and to identify single 
nucleotide polymorphisms.
65 The most commonly used fluorescent probes are Molecular 
Beacons,  Scorpion  primers,  HyBeacons,  TaqMan  probes,  Hairpin  primers  and 
Hybridisation probes.
62 Fluorescent probes are also widely used for RNA detection and 
imaging of living cells.
60 
 
 
1.5.1. HyBeacon Probes 
 
 HyBeacons
TM  were  developed  for  mutation  detection  and  allele  discrimination.
11,87 
HyBeacon probes are single stranded oligonucleotides labelled internally with two or more 
fluorescent molecules within the oligonucleotide sequence. They are designed to be devoid 
of any significant secondary structures.
88-91 HyBeacon probes exhibit high fluorescence 
when hybridised to a complementary target and low fluorescence when single stranded 
(Figure 1.23.). This allows the detection and discrimination of DNA sequences during real-
time  PCR  but  more  importantly  by  post-PCR  fluorescent  melting  analysis.  Melting Chapter 1 - Introduction 
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temperatures of HyBeacons that are hybridised to a fully complementary target sequence 
can be distinguished from a mutant target containing a single point mutation. This provides 
a valuable method for detection and identification of nucleobase substitutions, insertions or 
deletions which are characteristic of various genetic diseases.  
 
 
Figure 1.23. Schematic representation of HyBeacon probes. High fluorescence signal in a double stranded 
form and quenched fluorescence in a single stranded form upon duplex melting. 
 
 
HyBeacon  probes  have  been  successfully  applied  for  detection  of  single  nucleotide 
polymorphisms  (SNPs)  located  in  the  N-acetyltransferase  2  and  cytochrome  P450 
encoding genes,
92 for detection of STRs (short tandem repeats) in the human genome
13, for 
detection  of  SNPs  associated  with  warfarin  metabolism,
93  and  for  the  analysis  of  the 
mutations  in  the  human  cystic  fibrosis  transmembrane  conductance  regulator  (CFTR) 
gene.
12 
 
 
1.5.2. Molecular Beacons 
 
Molecular beacons are single stranded oligonucleotide probes labelled at one end with a 
fluorophore and at the other end with a quencher molecule. In the single stranded form 
they exist in a stem-loop (hairpin) structure holding the fluorophore and quencher in close 
proximity, thus the fluorescent signal is quenched. In the presence of a sufficient amount of 
the target, after heating and cooling, the stem-loop opens and the probe hybridises to its 
target.  This  open  conformation  separates  the  fluorophore  and  quencher  causing  the Chapter 1 – Introduction 
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emission of fluorescence indicating the presence of the complementary target sequence 
(Figure 1.24.). The molecular beacon is designed so that the loop region (15-35 nucleotides 
long) is complementary to the target sequence and both ends of the probe (5-8 nucleotides 
long) are complementary to each other, allowing the formation of the hairpin structure in 
the absence of the target.
6,94,95  
 
     
 
Figure  1.24.  Schematic  representation  of  Molecular  beacon  interaction  with  target  sequence:  F  – 
fluorophore, Q – quencher. 
 
 
Carefully  designed  molecular  beacons  can  discriminate  target  sequences  possessing  as 
little as single nucleotide mutation (single mismatch). They have been applied in allele 
discrimination,
8 for detection of DNA binding proteins,
7 and for the detection of mRNA in 
living cells.
10,96-98 Molecular beacon analogues such as PNA HyBeacons
97 and dual FRET 
molecular beacons have been developed in order to increase sensitivity and selectivity.
9     
 
 
1.5.3. TaqMan Probes 
 
TaqMan  probes  are  single  stranded  oligonucleotide  probes  (20-30  nucleotides  long) 
labelled with a fluorophore at the 5′-end and a quencher at the 3′-end. They are used in 
quantitative RT-PCR and they utilise the 5′ to 3′ exonucleolytic activity of Taq polymerase 
(isolated from the thermophilic bacterium Thermus aquaticus).
99 The probe is designed so 
that in its single stranded form the fluorophore is quenched by being in close proximity to a 
quencher molecule.
17  During the annealing step, the primer and the probe hybridise to a Chapter 1 - Introduction 
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target strand, but the fluorophore remains quenched via FRET (Figure 1.25.). The Taq 
polymerase extends the primer and when it reaches the TaqMan probe it hydrolytically 
cleaves the fluorophore. The fluorophore is now separated from the quencher leading to an 
increased fluorescence signal. Detection of the increased fluorescence signal during the 
PCR reaction provides quantitative information about the PCR product. TaqMan probes 
provide a simple homogenous method for target sequence detection and recognition and 
have found applications in genetic analysis.
100,101  
    
  
 
Figure 1.25. Schematic representation of  the TaqMan probe mechanism in  RT-PCR.  1: denaturation of 
genomic DNA (95 °C) and annealing of primer and TaqMan probe to a target DNA (55 °C); 2: extension of 
primer by Taq polymerase in the 5′ to 3′ direction (72 °C); 3: cleavage of the fluorophore by Taq polymerase 
causing an emission of fluorescence.    
 
 
1.5.4. Scorpion Primers 
 
Scorpion primers are also single stranded oligonucleotides, but they consist of both the 
probe and the primer in a single oligonucleotide (self-probing primers). The probe has a 
stem-loop (hairpin) structure, similar to the molecular beacon and it is attached to the 5′-Chapter 1 – Introduction 
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end of the primer via a linker (blocker) (Figure 1.26.). The linker prevents the probe region 
from being copied when the Scorpion has been incorporated into the PCR template. The 
fluorophore  attached  to  the  5′-end  of  the  probe  region  is  quenched  by  the  quencher 
attached to the 3′-end of the probe. After denaturation of the genomic DNA the primer 
hybridises to the target sequence and is extended by the polymerase. The resulting double 
stranded  DNA  is  denatured  and  upon  cooling  the  Scorpion  probe  sequence  binds 
intramolecularly to the produced target and a fluorescence signal is observed.
16  
 
The advantages of the Scorpion primer technology over the previously described probes 
are faster signal detection, no requirement for the enzymatic cleave step, and faster cycling 
conditions.
16     
 
 
 
Figure 1.26. Schematic representation of Scorpion primer mechanism. 1: denaturation of genomic DNA (95 
°C) and annealing of Scorpion primer to a target DNA (55 °C); 2: extension of primer by polymerase (72 
°C); 3: denaturation (95 °C); 4: cooling and intramolecular annealing of the Scorpion probe sequence to the 
amplicon and detection of the fluorescent signal.  
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Scorpion  primers  were  also  developed  with  a  duplex  probe  instead  of  the  stem-loop 
structure, which has an advantage over standard Scorpion primers. When the probe binds 
to the target, the quencher is in solution, and is not chemically attached to the fluorophore, 
and is therefore much further away. This increases the fluorescence signal and improves 
the  detection  of  the  fluorescence,  as  there  is  no  FRET  between  fluorophore  and 
quencher.
102,103 
 
Scorpion primers have found applications in single nucleotide polymorphism analysis and 
FRET applications,
15 they have proved to be able to distinguish between different alleles.
66  
 Chapter 1 – Introduction 
 
  32 
1.6. Cyanine Dyes 
 
1.6.1. Introduction 
 
Cyanine dyes (Cy-dyes) are widely used due to their favourable fluorescence properties. 
Previously  they  have  been  employed  as  spectral  sensitisers
104  for  silver  halide 
photography,
105  in  semiconductor  materials,  in  industrial  paints,  and  antitumor  agents. 
Currently  cyanine  dyes  have  wide  applications  in  many  quickly  developing  fields,  for 
example  as  donors/acceptors  in  fluorescence  resonance  energy  transfer  (FRET)  based 
methods,  and  as  covalent  labels  for  nucleic  acid  sequencing,  fluorescence  in  situ 
hybridization (FISH), and for the imaging of single molecules in living cells.
61,80  
 
In  general  cyanine dyes  have two nitrogen atoms  linked by  a conjugated chain (often 
polymethine chain) of various numbers of carbon atoms. One of the nitrogen atoms is 
positively charged (Figure 1.27.). The polymethine chain is commonly substituted at both 
ends with heterocyclic groups like indoles, benzoxazoles, benzothiazoles, and quinolines. 
   
 
 
Figure 1.27. General structure of Cyanine dyes.  
 
 
A  number  of  cyanine  dyes  with  different  structures,  polymethine  chain  length,  and 
different functional groups have been synthesised. The term ′Cy-dye′ was introduced by 
Waggoner  et  al.  and  was  referring  to  a  range  of  symmetric  indocarbocyanine  dyes.
106 
Terms like Cy3 or Cy5 have been used widely in literature to describe various cyanine 
derivatives possessing different structures and substitutions. These are generic names that 
refer to the number of carbons in the polymethine chain and not to a specific structure. The 
most commonly used terms are dimethine (Cy2), trimethine (Cy3), pentamethine (Cy5), 
and heptamethine (Cy7) cyanine dyes. Cy3B refers to a fully rigidized derivative of Cy3, 
and Cy3.5 and Cy5.5, describe benz[e]indole-derivatives of Cy3 and Cy5. 
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The aqueous solubility of a dye can be increased by sulfonic acid group incorporation onto 
the aromatic ring. Some of the sulfonyl-modifications have been applied to the synthesis of 
near-infrared (NIR) cyanine dyes by Romieu et al.
107  
 
For  attaching  dyes  to  proteins  or  nucleic  acids,  the  R  groups  are  converted  into 
succinimidyl  esters  (NHS-esters),  maleimide  derivatives  or  azides.  The  influence  of 
different substitutions is further discussed in Chapter 2 and examples of the commercially 
available Cy-dyes are presented below (Figure 1.28.).  
 
 
 
Figure 1.28. Examples of commercially available Cyanine Dyes. A: Cy3 (n=1), Cy5 (n=2) phosphoramidite 
(GE Healthcare); B: Cy3 (n=1), Cy5 (n=2), and Cy7 (n=3) NHS-esters (GE Healthcare); C: Cy3.5 (n=1), 
Cy5.5 (n=2), and Cy7.5 (n=3) NHS-esters (GE Healthcare); D: Cy3B NHS-ester (GE Healthcare); E: Cy3 
(n=1) and Cy5 (n=2) azides (Lumiprobe) F: and Cy7 (n=3) azide (Lumiprobe, USA). 
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1.6.2. Spectral and Photophysical Properties of Cyanine Dyes 
 
The absorption spectrum of cyanine dyes is a consequence of the delocalisation of the π-
electrons across polymethine unsaturated bridge system, therefore it depends strongly on 
the length of the polymethine chain. Every additional double bond in the polymethine 
chain causes the bathochromic shift (red shift) in the absorption maximum of 100 nm as 
opposed to only 20 nm shift for every additional aromatic ring.
108,109 Standard Cy-dyes 
exhibit a small Stokes shift, about 20 nm and a negative solvatochromism reflected in the 
wavelength of the absorption maximum. The absorption and emission spectra of cyanines 
have  a  distinct  shape  and  almost  mirror  image  relationship.  The  spectral  properties  of 
cyanine dyes are strongly dependent on solvent polarity.
110-112 These characteristics are 
described in more detail in Chapter 2. An example of an absorption and emission spectrum 
of a cyanine dye is presented below (Figure 1.29.). 
 
 
 
Figure 1.29. Absorption and emission spectrum of Cyanine dyes. Cy3-NHS ester was chosen as an example. 
 
 
Cy-dyes  with  different  lengths  of  the  polymethine  chain  provide  a  wide  range  of 
fluorophores emitting in the visible to near-infrared region of the spectrum (Figure 1.30.) 
providing a wide choice of emission wavelengths for multicolour fluorescent detection 
methods.   Chapter 1 - Introduction 
 
35 
 
Figure 1.30. Emission maxima of the most common cyanine dyes. 
 
 
The  photophysical  properties  of  cyanine  dyes  are  usually  interpreted  in  terms  of  the 
potential energy surface (Figure 1.31.). Cyanine dyes can rotate around the C-C bonds in 
the polymethine chain and therefore can exist as a trans or cis isomers. The trans form is 
predominant in the ground state.
113,114 During the photoisomerisation process the dye can 
isomerise to the cis form, which is much less fluorescent than the trans form. According to 
the potential energy surface diagram, after absorption of light the first excited singlet state 
undergoes  a  deactivation  process  by  either  emission  of  the  fluorescence,  internal 
conversion (IC), or rotation around the polymethine C-C bond. The latter is the driving 
force for the process of photoisomerisation. Isomerisation from the first excited singlet 
state occurs via a partially twisted (90°) intermediate (t), which can either return to the 
ground state trans form (N) or deactivate to the ground state photoisomer (P).
115 There is a 
widespread notion that the photoisomer (P) has a mono-cis conformation, while the normal 
ground state (N) has all-trans conformation.
116,117 The photoisomer (P) can be transformed 
back  to  the  thermodynamically  stable  trans  isomer  (N)  during  a  thermal  back-
isomerisation reaction.
115-117  
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Figure 1.31. Potential energy diagram for photoisomerisation of cyanine dyes: E – energy, θ – torsion angle 
(bond angle), N – the ground state of the trans isomer, 
1N – the first excited singlet state of the trans form, t – 
the twisted state, P – the ground state of the photoisomer, kIC and kF – the rates of the internal conversion 
and radiative fluorescence. 
 
 
Photoisomerisation  is  the  most  efficient  fluorescence  deactivation  process  for  cyanine 
dyes. An increase in the efficiency of fluorescence can be achieved by interactions that 
increase  the  activation  barrier  for  isomerisation.  The  biggest  influences  in  preventing 
photoisomerisation to occur are low temperature, high solvent viscosity and the presence 
of steric hindrance which affect the rotation around the polymethine C-C bond.
110,118   
 
There are other possible transitions which compete with isomerisation by bond rotation. 
The isomerisation from the first excited singlet state of the trans-isomer to the ground state 
of the cis photoisomer is not the only process that can occur. Delayed fluorescence was 
observed for the Cy5 dye and it has been attributed to the back-isomerisation through a 
reverse intersystem crossing (RISC) from the cis triplet state to the trans singlet state.
119,120 
Interestingly,  the  cis  triplet  state  is  not  involved  in  the  isomerisation  process  for  the 
cyanines with a shorter polymethine chain (Cy3). The energies of triplet-triplet absorption 
of trans and cis Cy5 are higher than the energy of trans triplet state of Cy3, therefore in the 
presence of Cy3 it is possible to reverse triplet-triplet energy transfer of Cy5.
121 This could Chapter 1 - Introduction 
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be the reason why the fluorescence of switched off Cy5 can be recovered in the presence of 
Cy3. 
 
 
1.6.3. Aggregation of Cyanine Dyes in Solution 
 
Cyanine  dyes  can  form  dimers  and  higher  aggregates  in  aqueous  solutions.  The 
predisposition for aggregation in water is due to its high dielectric constant, which helps to 
reduce  the  repulsive  force  between  positively  charged  dyes  in  the  aggregate.
111  The 
formation  of  aggregates  is  intrinsically  associated  with  the  spectral  changes  of  the 
absorption  band  in  comparison  with  the  monomeric  form  (Figure  1.32.).
111,122  The 
dimerisation can be considered as the first step of aggregation
123 and is reflected in the 
reduction  in  the  main  band  of  the  absorption  maximum  of  the  monomer.  The  new 
absorption maximum of dimer appears at a shorter wavelength and a much smaller band 
appears  at  a  longer  wavelength  from  the  band  of  the  monomer.  Thus,  the  dimeric 
absorption  spectrum  consists  of  a  hypsochromic  (blue-shifted)  band  of  high  intensity, 
which is called a P-branch (positive) and a bathochromic (red-shifted) N-branch (negative), 
which is usually of a lower intensity. The separation between monomeric and dimeric 
maximum increases with the length of the polymethine chain.
111  
 
The appearance of the two absorption bands can also be explained by the two possible 
orientations of the transition dipole moments in the two molecules forming a dimer. The 
band at  a  shorter wavelength  (P-branch) corresponds  to  parallel  orientation of the two 
dipoles, while the small band at a longer wavelength (N-branch) corresponds to an anti-
parallel orientation of the two dipoles.
122  
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Figure 1.32. Absorption spectra of the monomeric and dimeric state of cyanine dyes. 
 
 
The P-branch and N-branch observed and studied already in 1957 by Lavorel and in 1965 
by  West  and  Pearce  are  referred  to  H-aggregates  and  J-aggregates.  Thus,  H-type 
(hypsochromic) aggregates have an absorption band blue-shifted relative to the monomer 
and J-type (Jelly) have red-shifted absorption band. H-aggregates are formed by molecules 
aligned in a parallel (plane-to-plane) with a small offset from each other and J-aggregates 
are formed by molecules aligned in a head-to-tail way, when the offset between molecules 
is large.
124-126  
 
Changes in the absorption and fluorescent spectra for dimers can be explained by Davydov 
splitting,
127 which is the splitting of the excited singlet state into levels with higher and 
lower energy.
123 The exciton-coupling model shows the relationship between formation of 
aggregates and spectral shift (Figure 1.33.).
124,126  
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Figure 1.33. Relationship between H- and J-aggregates and spectral shifts, according to exciton-coupling 
model.  
 
 
For H-aggregates, when two dyes are aligned in parallel or only with a very small offset, 
the electronic transitions are allowed only to the upper state. The absorption spectrum of 
H-aggregates  (blue)  is  therefore  blue  shifted  relative  to  the  monomer  (green).  The  H-
aggregates  can  undergo  a  non-radiative  relaxation  to  the  lower  excited  state,  but  the 
fluorescence  from  this  state  is  forbidden,  therefore  H-aggregates  are  usually  non-
fluorescent. The loss of fluorescence for the dimer molecule was explained in 1965 by 
West and Pearce due to the fact that the optical transition from the split level of the dimer 
to the lower level is optically forbidden for the structures having a centre of symmetry.
111 
For J-aggregates (red), due to their large offset between their transition dipole moments, 
the electronic transitions between lower exciton states and the ground states are allowed. 
The absorption spectrum is red shifted relative to the monomer and the fluorescence is 
intense.
126   
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1.6.4. Applications of Cyanine Dyes in Fluorescence Microscopy 
 
Cyanine dyes have found wide applications in fluorescence microscopy due to their high 
extinction  coefficients  and  good  commercial  availability  as  derivatives  suitable  for  the 
labelling of biomolecules. The excitation and emission characteristics are similar to the 
fluorescein  and  rhodamine  based  dyes,  but  Cy-dyes  have  better  water  solubility  and 
photostability. Most of the cyanine dyes are also stable in biological media and are not 
sensitive to changes of pH in a biological environment. The fairly wide range of absorption 
spectra  make  cyanines  very  useful  in  terms  of  choosing  laser  sources  for  confocal 
microscopy.  
 
The  following  characteristics  need  to  be  considered  when  choosing  a  dye  for  optical 
imaging:  wavelength,  quantum  yield,  signal-to-background  ratio,  photobleaching,  non-
specific binding, solubility and toxicity.  
 
The  fluorescence  of  cyanine  dyes  can  be  easily  disturbed  by  photobleaching  or 
photoblinking  of  the  fluorophore.  Despite  some  of  the  fluorescent  imaging  methods 
utilising photobleaching processes, like FRAP or FLIP (described in subchapter 1.4.4.) 
photobleaching is usually a major concern in fluorescence spectroscopy. Photobleaching is 
essentially a photodegradation of the fluorophore, which cause an irreversible inactivation 
of the fluorophore usually by photon-induced chemical damage. The excited triplet state of 
the fluorophore has a relatively long lifetime, thus the molecule in this state can react with 
the constituents in the local environment. The most common photodegradation mechanism 
of cyanine dyes is photooxidation, in which the triplet state takes part in generation of a 
singlet oxygen species due to electron transfer. This free radical reacts with the double 
bonds  of  the  polymethine  chain  consequently  destroying  the  fluorescence.
128,129  The 
photobleaching  can  be  reduced  by  the  removal  of  oxygen  during  the  fluorescence 
microscopy experiment, but this is not ideal for the bioimaging of live cells. The better 
solution is to reduce the strength and time of the fluorophore exposure to the excitation 
source, which is also beneficial for maintaining good conditions of live cells in terms of 
phototoxicity.    
 
Photoblinking is a process in which a fluorophore goes into its dark state (off state). On the 
contrary  to  photobleaching,  photoblinking  is  reversible  and  is  caused  by  excited  state Chapter 1 - Introduction 
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transitions (between the singlet and the triplet state) or ground state transitions (transitions 
between  photoactive  and  photoinactive  forms).
61  The  existence  of  the  dark  state  of 
cyanines  contributed  to  the  development  of  new  methods  of  super-resolution  imaging 
using the photoswitching mechanism between on and off states of cyanines. Thus, cyanine 
dyes found another application as photo-switchable fluorescent probes and have been used 
in  single  molecule  fluorescent  imaging  methods  like  stochastic  optical  reconstruction 
microscopy (STORM).
85,86 A single-molecule optical switch was reported by Bates et al. 
and  it  consists  of  two  cyanine  dyes,  Cy5  (primary  fluorophore)  and  Cy3  (secondary 
chromophore) attached at the opposite ends to an immobilised double stranded DNA.
130 
Cy3 enables the switching, while Cy5 can be switched between a fluorescent and a dark 
state. The red (638 nm) laser pulses converts Cy5 into a non-fluorescent state (off state) 
and the green (532 nm) laser pulses returns Cy5 back to the fluorescent state (on state). 
The distance dependence of the Cy5 photo-conversion is much greater than of the Cy3-
Cy5 FRET.
130 Photoswitchable fluorescent probes found applications in single molecule 
imaging microscopy, particularly in STORM, which is able to image biological structures 
with sub-diffraction limit resolution.
85 This technique has been expanded by Bates et al. to 
multicolour  STORM  imaging  using  a  series  of  cyanine  dyes  pairs  with  a  second 
chromophore. The following pairs have been used, Cy3-Cy5, Cy3-Cy5.5, Cy3-Cy7, Alexa 
Fluor  405-Cy5,  and  Cy2-Cy5.
86  Photoswitching  can  be  achieved  using  different  laser 
beams.
86 Further improvement to the STORM technique was achieved by Conley et al. by 
the synthesis of Cy3-Cy5 covalent heterodimers, which remove the necessity of attaching 
Cy3 and Cy5 to a DNA strand.
131 The mechanism of photoswitching suggested by Bates et 
al. involved the triplet state as an intermediate during the formation of the dark state.
130 
This was contradicted by Heilemann et al. who excluded the triplet state influence in the 
photoswitching  mechanism  and  proposed  that  thiol  addition  to  a  double  bond  of  the 
polymethine chain is involved in the loss of fluorescence.
132 This mechanism was also 
further confirmed by Dempsey et al.
133 
 
Near-infrared (NIR) cyanine dyes absorbing and emitting between 650 and 900 nm are 
commonly used for the imaging of live cells and tissues. The main advantages of operating 
in  the  NIR  region  are  the  deeper  light  penetration  in  tissue  layers,  low  background 
absorption  and  auto-fluorescence  and  lower  risk  or  causing  phototoxicity  of  cells  and 
tissues by infrared radiation. Among the NIR cyanine dyes which have been tested for 
tissue  imaging  techniques  are  Cy5.5  and  Cy7,  Cy7.5  (Indocyanine  Green)  and Chapter 1 – Introduction 
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IRdye800.
134 Indocyanine Green has been clinically approved and is currently used as an 
indicator  for  cardiac  output,  hepatic  function,  and  liver  blood  flow  diagnostics. 
Heptamethine indocyanine dye (IR-780) was found to accumulate in multiple tumour cells, 
but  not  in  normal  cells,  thus  allowing  tumour  imaging  with  strong  emission  from  the 
tumour cells and low background signal from normal tissues.
135,136 
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Aims of the Research 
 
The aims of the research were:  
  to  synthesise  a  variety  of  cyanine  dye  derivatives  for  incorporation  into 
oligonucleotides,  
  to develop a simple procedure for the minor groove labelling of oligonucleotides 
using click chemistry,  
  to  investigate  the  fluorescent  properties  of  modified  cyanine  dyes  and  their 
influence on the characteristics of labelled oligonucleotide probes.  
 
There  are  numbers  of  different  methods  of  cyanine  dyes  synthesis  described  in  the 
literature. The first aim was therefore to optimise the conditions to develop a simple and 
convenient approach, suitable for the large scale synthesis of Cy-dyes. The synthesis of 
various cyanine dye derivatives for NHS-ester and click chemistry labelling is described in 
Chapter 2. This chapter also contains a discussion on the properties of free cyanine dyes in 
solution. The photophysical characteristics of cyanine dyes are discussed across Chapters 
1, 2, and 4. 
 
Chapter 3 is focused on the click chemistry labelling of oligonucleotides using alkyne-
derivatives of Cy-dyes and azide-functionalised oligonucleotides. It describes the synthesis 
of the 2′-mesyloxyethyl ribothymidine monomer used for minor groove labelling, post-
synthetic  conversion  of  the  mesyl  group  to  an  azide  on  oligonucleotides,  and  the 
methodology for labelling with cyanine dyes.  
 
The fluorescent probes synthesised by the click chemistry are described in Chapter 4. The 
fluorescent properties of DNA HyBeacons are discussed and compared with the properties 
of the probes labelled by a standard method using Cy-dye NHS-esters. This chapter also 
contains the first report of RNA HyBeacon probes and preliminary studies in cells. 
 
The summary of the research is presented in Chapter 5, which also includes suggestions for 
future work. The experimental procedures are described in Chapter 6 
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2. Synthesis and Properties of Cyanine Dyes and Quenchers 
 
This chapter describes the synthesis of wide variety of cyanine dye derivatives for NHS-
ester and click chemistry labelling of oligonucleotides. It also includes the synthesis of a 
Cy3  dye  analogue  for  Surface  Enhanced  Raman  Spectroscopy  (collaboration  with  Dr. 
Robert  Johnson,  University  of  Southampton)  and  the  synthesis  of  a  disperse  blue 
phosphoramidite monomer (quencher) for use in oligonucleotide synthesis. The fluorescent 
properties of free Cy-dyes in solution are also described (the fluorescent properties of Cy-
dyes  attached  to  DNA  and  RNA  are  discussed  in  Chapter  4).  Some  of  the  alkyne-
derivatives  of Cy-dyes  were published prior to the submission  of the  thesis,  including 
ethynyl  and  N-pentynyl  derivatives  of  Cy3  and  Cy5,
137  as  well  as  ethynyl-Cy3B 
derivative.
138  
 
 
2.1. Introduction 
 
Techniques for protein or nucleic acid analysis
60,80,139 require a supply of fluorescent dyes 
with different absorption characteristics activated for attachment to the target molecule.
140  
A  number  of  fluorescent  dyes  have  already  been  synthesised  and  their  fluorescence 
properties  are  well  known.
114  However,  almost  all  of  these  compounds  have  some 
deficiencies, such as low stability, broad emission spectra, or sensitivity to low pH. That is 
why it is necessary to synthesise a wide range of stable, but varied dyes suitable for use in 
biological applications.   
 
A number of different approaches to the synthesis of cyanine dyes have been described. 
The  two  main  methods  that  have  been  used  are  solution-phase  and  solid-phase 
synthesis.
141-145 Initially our approach was to use solid phase synthesis, but despite its high 
selectivity  and  the  ease  of  purification,  it  was  suitable  only  for  small  scale  synthesis. 
Therefore  all  dyes  were  subsequently  synthesised  by  solution-phase  methods,  by 
combining protocols from a variety of literature sources.
141,142,144,145  
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2.1.1. Solution-Phase Synthesis of Cyanine Dyes 
 
The  synthesis  of  cyanine  dyes  typically  requires  4  steps  from  commercially  available 
materials (scheme 2.1). The key intermediates for dye synthesis are two indolium salts and 
a linker. Various indolium salts can be easily prepared by conventional Fischer indole 
synthesis.
146-149  The  starting  material  is  usually  the  commercially  available 
phenylhydrazine or its  derivative  which is  then  reacted with  3-methyl-2-butanone or  a 
different ketone to form an indolenine ring. This reaction is catalysed by a Bronsted acid, 
for example sulphuric acid. The next step is usually alkylation of the nitrogen atom with 
alkyl halides (Scheme 2.1.). Traditional solution-phase synthesis of asymmetric cyanine 
dyes  is  more  complicated  than  the  synthesis  of  symmetric  dyes.  The  reaction  of  an 
indolium  salt  (for  example  1,3,3-trimethyl-2-methyleneindoline)  with  a  polyene  chain 
precursor  such  as  amidine  (malondialdehyde  dianil  hydrochloride)  or  N,N′-
diphenylformamidine (depending of the polymethine chain length)  gives a hemicyanine 
intermediate.  The  hemicyanine  can  then  react  with  a  second  heterocycle,  for  example 
another indolium salt to form an asymmetric dye. Unfortunately hemicyanines can also 
react with the same indolium salt forming a symmetric dye as a by-product, which often 
requires very difficult chromatgraphic separation. That is why a thorough isolation of the 
intermediate hemicyanine is very important for the synthesis of asymmetric dyes. However 
purification is the major problem of solution-phase Cy-dye synthesis. 
 
 
 
Scheme 2.1. Standard Fischer indole synthesis. A: Formation of indoline and B: formation of indolium salt, 
where: R and R′ – alkyl, sulfonyl, halide, nitro etc. substituent; X – usually Cl
-, Br
-, I
-, or ClO4
-. 
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For  the  synthesis  of  Cy5  a  three-carbon  spacer  has  to  be  prepared  (Scheme  2.2.). 
Commercially available malondialdehyde bis(dimethyl acetal) is condensed with aniline 
under acidic condition to give anilino anilinium salt, which then is refluxed in acetic acid 
with 1,3,3-trimethyl-2-methyleneindoline salt to give the hemicyanine intermediate.
140,150 
The second intermediate is prepared also by indole alkylation. Then the two components of 
the dye are reacted together to give the Cy5 dye. The synthesis of Cy3 is similar to Cy5 
synthesis  except  that  the  nucleophilic  heterocycle  is  condensed  with  commercially 
available diphenylformamidine in the presence of excess acetic anhydride as a solvent to 
give the hemicyanine intermediate (acetanilidylvinyl indolium salt).
140  
 
Solution-phase synthesis is more suitable when a large amount of the dye is required. The 
major problem of this method is lack of selectivity, and therefore difficult and arduous 
purification is necessary.  
 
 
Scheme 2.2. Solution-phase synthesis. Cy5 presented as an example. 
 
 
2.1.2. Solid-Phase Synthesis of Cyanine Dyes 
 
Solid-phase synthesis by the “catch-and-release” method
143,144 is a very effective technique 
for cyanine dye synthesis. The heterocyclic carbon reacts by a nucleophilic attack on an 
immobilised  polyene-chain  precursor  allowing  easy  and  efficient  trimethine  and 
pentamethine dye synthesis.
144,150 For solid-phase synthesis, a polymer support has to be 
prepared,  usually  based  on  polyethylene  glycol  (PEG).  PEG  has  good  solubility  in 
dichloromethane  and  poor  solubility  in  diethyl  ether,
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homogeneous  and  the  separation  to  be  heterogeneous,  which  can  ease  the  synthesis 
procedure.
150  Other  solid  supports,  which  are  often  used  are  Merrifield  resin 
((chloromethyl)polystyrene  crosslinked  with  DVB),
144  sulfonyl  chloride  resin
143  and 
polystyrene.
144 The latter is not appropriate for the synthesis of water-soluble dyes due to a 
need of an aqueous extraction of the salt, required after the synthetic steps.
144 The first step 
of solid-phase synthesis is the activation of the resin. For example using Merrifield Resin, 
N-Boc-4-hydroxyaniline (N-Boc-4-aminophenol) is  loaded onto  the resin  first,  then the 
protecting group (Boc) is cleaved to give resin-bound aniline (Scheme 2.3.).
144,150  
 
 
Scheme 2.3. Preparation of supported aniline on Merrifield Resin.
143,144  
 
 
Reaction  between  aniline  with  malonaldehyde  bis(dimethyl  acetal)  (for  pentamethine 
cyanine dyes) or with triethylorthoformate (for trimethine cyanine dyes) gives the resin-
bound  precursor  of  the  polymethine  chain  (Scheme  2.4.).
144  The  reaction  between  the 
indolium salt (or other heterocycle) and the immobilised polyene-chain precursor provides 
a resin-bound hemicyanine. The reaction of the hemicyanine with a second heterocycle 
yields the final dye which at the same time is cleaved from the solid support. Unreacted 
hemicyanine remains on the resin and can easily be removed by filtration.  
 
Scheme 2.4.
 Example of solid-phase synthesis of pentamethine Cyanine Dye.
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2.2. Synthesis of Cyanine Dyes Derivatives 
 
2.2.1. The Key Intermediates in Cyanine Dyes Synthesis 
 
Indolenines  (compounds  1,  6,  9)  were  synthesised  by  a  standard  Fischer  indole 
synthesis,
147-149,151 followed by reaction with an alkyl, acid or alkyne halide to form an 
indolium salt (Schemes 2.5.–2.7.). 2,3,3-Trimethylindolenine 1 is commercially available, 
while the indolenines with 5-iodo 6 or 5-bromo 9 substitutions need to be synthesised from 
corresponding phenylhydrazines.  
 
1-(5-Carboxypentyl)-2,3,3-trimethyl-3H-indolium bromide 3 was initially synthesised by 
treating 2,3,3-trimethylindolenine with 6-bromocaproic acid in 1,2-dichlorobenzene,
20,140 
but  the  reaction  proceeded  slowly  with  a  low  yield.  The  solvent  was  changed  to 
nitromethane
142 improving the reaction yield to 56 % (Scheme 2.5. iii).  
 
 
 
Scheme 2.5. Synthesis of indolium salts. (i) 3-methyl-2-butanone, 98 % H2SO4, EtOH, reflux, 6 h, 69 %; (ii) 
methyl iodide, CH3CN, reflux, 7 h, 93 %; (iii) 6-bromohexanoic acid, nitromethane, 80 C, 24 h, 65 %; (iv) 
5-chloro-1-pentyne, KI, CH3CN, reflux, 12 h, 58 %; (v) 4-bromobutyronitrile, CH3CN, reflux, 48 h, 91 %. 
 
 
The synthesis of N-alkyl substituted indolium salts can also be performed in nitromethane, 
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trimethylindolenine 1 with methyl iodide was firstly tried in nitromethane at RT and the 
product 2 was obtained with 73 % yield, while the reaction in acetonitrile heated at reflux 
gave product 2 with 93 %.  
 
 
Scheme 2.6. Synthesis of 5-iodo and 5-bromo-substituted indolium salts. (i) 3-methyl-2-butanone, acetic 
acid, reflux, 4 h, 96 %; (ii) methyl iodide, CH3CN, reflux, 2 h, 74 %; (iii) 1-iodobutane, CH3CN, reflux, 24 h, 
94 %; (iv) 3-methyl-2-butanone, acetic acid, reflux, 6 h, 98 %; (v) methyl iodide, acetonitrile, reflux, 50 C, 6 
h, 96 %.  
 
 
 
Scheme 2.7. Synthesis of benz[e]indolium salts: (i) methyl iodide, CH3CN, reflux, 10 min, 86 %; (ii) 5-
chloro-1-pentyne, KI, CH3CN, reflux, 24 h, 69 %. 
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The  reactions  with  alkyl  halides  (compounds  2,  7,  8,  10,  and  11)  were  usually  very 
efficient, while the reactions with alkynyls or cyanoalkyls (compounds 4, 5, and 12) were 
strongly dependent on the length of the alkyl chain of the alkyne-derivatised substrate. For 
example,  for  the  synthesis  of  N-alkyne-functionalised  indolium  salts  (Scheme  2.5. 
compound 4, Scheme 2.7. compound 12) four different reagents were tested (Figure 2.1.). 
Propargyl  chloride  A  and  4-bromo-1-butyne  B  were  the  least  reactive,  providing  a 
corresponding indolium salts with only 20 % yield. The reactivity of 5-chloro-1-pentyne C 
was significantly greater than A and B, while 6-chloro-1-hexyne D was approximately 
equal to C. It was concluded that a minimum of three carbons between the halide and 
alkyne group were necessary to obtain the product with a satisfying yield, therefore the 1-
(4-Pentynyl)-2,3,3-trimethyl-3H-indolium iodide 4 and 1-(3-Cyanopropyl)-2,3,3-trimethyl-
3H-indolium  bromide  5  were  synthesised  using  5-chloro-1-pentyne  and  4-
bromobutyronitrile (Scheme 2.5.). The difficulties in synthesis of indolium salts bearing 
short chain N-substituents were observed previously. Mujumdar et al. reported difficulties 
in synthesis of indolium salts with N-acetic acid and N-propionic acid groups and relatively 
easy  synthesis  when  using  hexanoic  acid.
20  Zhan  et  al.  have  synthesised  N-propynyl 
indolium salts, but reported only 20-24 % yields for these reactions.
152  
 
 
 
 
Figure 2.1. The reactivity of alkynes in indolium salt synthesis. 
 
 
The synthesis of a Cy5 polymethine precursor, malondialdehyde dianil hydrochloride 13 
(Scheme 2.8.) was carried out using the procedure described by Jung et al.,
140 but the 
product was obtained with low yield (35 %). To obtain product 13 with higher yield, 2 eq 
of aniline are required instead of 1.33 eq as described in the literature. Also the solution of 
malondialdehyde bis(dimethyl acetal) in water and hydrochloric acid has to be heated first, 
and then the solution of aniline, water, and hydrochloric acid has to be added dropwise. 
These changes improved the yield from 35 % to almost 72 %. 
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The  Cy7  polymethine  precursor,  2-chloro-1-formyl-3-hydroxymethylenecyclohexene  14 
was synthesised by the method of Reynolds and Drexhage.
153 The yield of the reaction was 
low (22 %), but the yield was not provided in the literature procedure, therefore it could 
not be compared.     
 
 
 
Scheme 2.8. Synthesis of the polymethine chain precursors: (i) aniline, aqueous hydrochloric acid, 50 °C, 4 
h, 72 %; (ii) phosphorus oxychloride, DMF, DCM, 50 °C, 3 h, 22 %. 
 
 
2.2.2. Synthesis of Cyanine Dyes for NHS-Ester Labelling of Oligonucleotides 
 
The trimethine (Cy3), penthamethine (Cy5) and heptamethine (Cy7) cyanine dye NHS-
esters were synthesised for standard amide-coupling to oligonucleotides.  
The synthesis of asymmetric cyanine dyes  containing carboxylic acid  groups  was  first 
described by Mujumdar et al.
20,154 but was often very low yielding due to formation of 
undesired symmetric dyes.
155 Synthesis of a Cy5 NHS-ester 16 (Scheme 2.9.) was initially 
carried out by the method described by Jung et al.
140 but the separation of the hemicyanine 
intermediate was very inefficient. The best method was found to be a one-pot synthesis of 
Cy-dyes reported by Kvach et al.
142 The 1-(5-Carboxypentyl)-2,3,3-trimethyl-3H-indolium 
bromide 3 and the polymethine linker 13 were refluxed in acetic anhydride. The formation 
of the hemicyanine was followed by TLC and after 30 min the second indolium salt 2 was 
added to a cooled reaction mixture in anhydrous pyridine. To avoid the formation of any 
unwanted symmetric dye, the first step of hemicyanine formation was closely monitored 
by TLC (at 5-10 min intervals).  Carboxypentyl-Cy5 15 was obtained with 58 % yield and 
was successfully converted into the NHS-ester 16 using N,N′-disuccinimidyl carbonate in 
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Scheme 2.9. Synthesis of Cy5 NHS-ester: (i) 13, Ac2O, 120 C, 30 min; (ii) 1,2,3,3-tetramethyl-3H-indolium 
iodide 2, Py, RT, 12 h, 58 %; (iii) N,N′-disuccinimidyl carbonate (DSC), DIPEA, DCM, RT, 2.5 h, 76 %. 
 
 
The bromo-derivative of Cy5 NHS-ester 18 and the bromo-propargylamide derivative of -
Cy5 19 (Scheme 2.10.) were synthesised by a similar procedure. The coupling reaction 
between  two  indolium  salts  was  undertaken  twice.  The  first  time  1-(5-carboxypentyl)-
2,3,3-trimethyl-3H-indolium  bromide  3  was  reacted  with  malondialdehyde 
bis(phenylimine) monohydrochloride  13  to  form the hemicyanine intermediate, then 5-
bromo-1,2,3,3,-tetramethyl-3H-indolium  iodide  10  was  added  to  give  bromo-Cy5-
carboxypentyl 17 with 49 % yield. This synthesis has been repeated in the reverse order, 
first  5-bromo-1,2,3,3,-tetramethyl-3H-indolium  iodide  10  was  refluxed  with 
malondialdehyde bis(phenylimine) monohydrochloride 13 and then 1-(5-carboxypentyl)-
2,3,3-trimethyl-3H-indolium  bromide  3  was  added.  This  improved  the  yield  of  the 
coupling reaction from 49 % to 75 %. Bromo-Cy5-carboxypentyl 17 was then converted to 
NHS-ester 18 with 53 % yield.  
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The carboxylic acid group caused difficulties during purification due to easy conversion 
into a methyl ester. The succinimidyl group was also sensitive to the presence of methanol. 
For  example,  the  mass  spectrum  of  Bromo-Cy5  NHS-ester  18  in  acetonitrile  gave  the 
desired product (m/z = 660.2), while the mass spectrum of the same compound 18 run in 
methanol showed mainly the presence of the methyl ester (m/z = 577.3). The conversion of 
carboxyl group to NHS-ester was usually straightforward, therefore Cy-dye NHS-ester was 
purified by precipitation with diethyl ether instead of column chromatography, where often 
a high percentage of MeOH was required to elute the dye from the column. 
 
The  bromoindolyl-Cy5-carboxypentyl  derivative  17  was  also  converted  to  its  bromo-
propargylamide  derivative  19  via  a  carbodiimide  coupling  reaction  using  EDC  (N-(3-
dimethylaminopropyl)-N′-ethyl-carbodiimide  hydrochloride),  which  is  a  water-soluble 
carbodiimide. EDC activates carboxyl groups to form a key intermediate O-acylisourea, 
which  reacts  with  propargylamine  to  give  the  desired  amide  19  and  N-(3-
dimethylaminopropyl)-N′-ethyl urea, which is soluble in water. This reaction was carried 
out in DCM in the presence of DIPEA at room temperature, and after purification the 
product 19 was obtained in 56 % yield.  
 
 
 
Scheme 2.10. Synthesis of bromo-Cy5 NHS-ester and bromo-Cy5-propargylamide: (i) 13, Ac2O, reflux, 30 
min; (ii) 3, Py, RT, 18 h, 75 %; (iii) DSC, DIPEA, DCM, 3 h, RT, 53 %; (iv) propargylamine, EDC, DIPEA, 
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The  Cy3-NHS  22  ester  (Scheme  2.11.)  was  synthesised  by  modified  literature 
procedures.
142,144,145 The hemicyanine 20 was synthesised by another PhD student, Lucy 
Hall and used for the coupling step with 1-(5-carboxypentyl)-2,3,3-trimethyl-3H-indolium 
bromide 3 to form N-carboxypentyl-Cy3 21 (69 % yield) which was converted to Cy3 
NHS-ester 22 with 61 % yield.  
 
 
Scheme 2.11. Synthesis of Cy3 NHS-ester: (i) this compound was synthesised by Lucy Hall; (ii) 3, Ac2O, Py, 
50 °C, 18 h, 69 %; (iii) DSC, DIPEA, DCM, 16 h, RT, 61 %. 
 
 
The  synthesis  of  Cy7  NHS-ester  25  (Scheme  2.12.)  was  a  project  carried  out  with 
undergraduate  student  Pip  Simpson.  The  chloro-substituted  symmetric  Cy7  23  was 
synthesised following the procedure described by Narayanan et al.
156 The method differed 
from  the  Cy3  and  Cy5  synthesis  and  involved  the  reaction  of  2-chloro-1-formyl-3-
hydroxymethylenecyclohexene 14 with 2 eq of 1,2,3,3-tetramethyl-3H-indolium iodide 2 
in a mixture of 1-butanol/toluene 7:3. The reaction mixture was heated under reflux using 
Dean-Stark apparatus to remove the water which was formed during the reaction. The 
chloro-substituted  Cy7  23  was  obtained  with  86  %  yield  and  was  reacted  with  6-
aminohexanoic acid to give compound 24.
157 The amino-substituted carboxyhexyl-Cy7 24 
was converted into its NHS-ester 25 in 77 % yield.  
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Scheme  2.12.  Synthesis  of  Cy7  NHS-ester:  (i)  2,  1-butanol/toluene  7:3,  reflux,  3  h,  86  %;  (ii)  6-
aminohexanoic acid, Et3N, DMF, 85 °C, 3 h, 74 %; (iii) DSC, DIPEA, DCM, RT, 3 h, 77 %.  
 
 
2.2.3.  Synthesis  of  Cyanine  Dyes  Derivatives  for  Click  Chemistry  Labelling  of 
Oligonucleotides 
 
A variety of alkyne-modified Cy-dyes were synthesised for click conjugation to DNA and 
RNA. The terminal alkyne group was introduced onto the indole aromatic ring (ethynyl-
dyes) and through the indolium nitrogen (N-pentynyl-dyes). Cyanine dyes functionalised 
with  terminal  alkynes  were  reported  previously  by  Balasubramanian  et  al.  They 
synthesised ethynyl-Cy3 and ethynyl-Cy5 and coupled them to 5-iodo-2′-deoxyuridine in 
the  DNA  strand  using  Sonogashira  reaction.
145  Zhan  et  al.  synthesised  2-propynyl 
substituted hemicyanines, although the reaction with propargyl bromide was low yielding 
(20  %)  due  to  the  short  linker  between  the  alkyne  and  bromide  (discussed  in  Section 
2.2.1.).
158 Alkyne modified Cy-dyes with terminal alkynes on longer alkyl chains were also 
reported by Shao et al.
159 and Benzi et al.
160   
 
The coupling reactions between indolium salts and a polymethine linker to form Cy3 and 
Cy5 derivatives were described above (Section 2.2.2.). For the synthesis of ethynyl-dyes 
we have used similar approach to the one described by Balasubramanian et al.
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dyes were synthesised by Sonogashira reaction
161 from iodo-Cy5 and iodo-Cy3 derivatives 
using  (trimethylsilyl)acetylene.  Trimethylsilyl  (TMS)  as  well  as  tert-butyldimethylsilyl 
(TBS) groups are a commonly used protecting group for terminal alkynes as well as for 
alcohols,  phenols,  carboxylic  acids  and  amines.
158  TMS  was  cleaved  using 
tetrabutylammonium fluoride (TBAF)
159,160,162. The deprotection conditions using TBAF 
and difficulties in removing TBAF residues are discussed in ′Summary of Cyanine Dyes 
and Purification′ (Section 2.2.4.). 
 
N-pentynyl-dyes were prepared using 1-(4-Pentynyl)-2,3,3-trimethyl-3H-indolium Iodide 
4,  and  therefore  did  not  require  additional  synthetic  steps  after  the  coupling  reaction 
between indolium salts. 
 
Initially  the  Sonogashira  reaction  was  tried  on  indolium  iodide,  1-butyl-5-iodo-2,3,3-
trimethyl-3H-indolium  iodide  (not  used  in  the  final  synthetic  steps)  was  chosen  as  an 
example  to  test  different  reaction  conditions.  Basic  conditions,  due  to  the  use  of 
triethylamine, led only to a 5-iodo-1,3,3-trimethyl-2-methyleneindoline and no coupling 
reaction has occurred (Scheme 2.13.).  
 
 
 
Scheme  2.13.  The  Sonogashira  reaction  on  N-alkylated  indolium  salt:  (i)  (trimethylsilyl)acetylene,  CuI, 
Pd(PPh3)4, Et3N, DMF, RT. 
 
 
The Sonogashira reactions on 5-iodo-2,3,3-trimethylindolenine 6 were also unsuccessful 
using (trimethylsilyl)acetylene as an alkynylating reagent (Scheme 2.14. i-iii). The alkyne 
was changed to 2-methyl-3-butyn-2-ol and the reaction was refluxed to form the product 
with 56 % yield (Scheme 2.14. iv). There was no significant difference in the reaction yield 
for  both  palladium  catalysts,  tetrakis(triphenylphosphine)palladium  (0)  and Chapter 2 – Synthesis and Properties of Cyanine Dyes and Quenchers 
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bis(triphenylphosphine)palladium  (II)  chloride.  Unfortunately  after  optimising  these 
conditions the next coupling reactions using 1-iodo-4-nitrobenzene, which was chosen as 
an example, were unsuccessful. Therefore it was decided that it was more convenient to do 
Sonogashira reactions on cyanine dyes after the coupling reaction with the iodo-derivative 
of the indolium salt.  
 
 
Scheme 2.14. The Sonogashira reaction on 5-iodo-2,3,3-trimethylindolenine:  (i) (trimethylsilyl)acetylene, 
CuI, Pd(PPh3)4, Et3N, DMF, RT to 50 °C; (ii) (trimethylsilyl)acetylene, CuI, Pd(PPh3)4, Et3N, THF, reflux; 
(iii) (trimethylsilyl)acetylene, CuI, Pd(PPh3)2Cl2, PPh3, Et3N, Py, reflux; (iv) 2-methyl-3-butyn-2-ol, CuI, 
Pd(PPh3)2Cl2, PPh3, Et3N, Py, reflux, 56 %; (v) KOH, n-butanol, reflux, 100 %; (vi) 1-iodo-4-nitrobenzene, 
CuI, Pd(PPh3)4, Et3N, DMF, RT to 168 °C; (vii) 1-iodo-4-nitrobenzene, CuI, Pd(PPh3)2Cl2, PPh3, Et3N, Py, 
reflux.    
  
 
The iodo-Cy5 derivative 26 (Scheme 2.15) was converted to trimethylsilyl-ethynyl-Cy5 27 
in 58 % yield. Deprotection of the trimethylsilyl group was initially performed with KOH 
in  MeOH.  Finally,  trimethylsilyl  was  deprotected  by  the  use  of  tetrabutylammonium 
fluoride (TBAF) in THF and after purification ethynyl-Cy5 28 was obtained in 55 % yield Chapter 2 – Synthesis and Properties of Cyanine Dyes and Quenchers 
 
61 
(Scheme  2.15.).  The  deprotection  using  TBAF  was  much  quicker  (10-15  min)  than 
deprotection with KOH in MeOH (2-3 h), also the yield was higher when using TBAF. 
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Scheme  2.15.  Synthesis  of  ethynyl-Cy5:  (i)  13,  Ac2O,  reflux,  30  min;  (ii)  8,  Py,  RT,  2  h,  75  %;  (iii) 
(trimethylsilyl)acetylene, CuI, Pd(PPh3)4, Et3N, DMF, 50 °C, 48 h, 58 %; (iv) TBAF, THF, RT, 2 h, 55 %. 
 
 
The ethynyl-Cy5 28 was coupled by a Sonogashira reaction with 4-iodobenzoic acid to 
give carboxyphenyl-ethynyl-Cy5 29 and converted to NHS-ester 30 (Scheme 2.15.). The 
obtained Cy5-NHS ester derivative possesses the functional group in a different position to 
the commonly used Cy-dye active esters. 
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Scheme 2.16. Synthesis of phenyl-ethynyl-Cy5 NHS-ester: (i) 4-iodobenzoic acid, Pd(PPh3)4, CuI, Et3N, 
DMF, 4 h, 17 %; (ii) DSC, DIPEA, DCM, RT, 4 h, 41 %. Chapter 2 – Synthesis and Properties of Cyanine Dyes and Quenchers 
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Following the successful synthesis of ethynyl-Cy5 28 it was decided to synthesise a variety 
of alkyne-functionalised Cy-dyes with an alkyne group at different positions and additional 
aromatic rings to alter the absorption and emission wavelengths of Cy-dyes. This includes 
the synthesis of N-pentynyl-Cy5 31 (Scheme 2.17.), ethynyl-Cy5.25 34 (Scheme 2.18.), N-
pentynyl-Cy5.5 35 (Scheme 2.19.), and phenyl-ethynyl-Cy5.25 37 (Scheme 2.20.). 
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Scheme 2.17. Synthesis of N-pentynyl-Cy5: (i) 13, Ac2O, reflux, 30 min; (ii) 2, Py, RT, 15 h, 83 %. 
 
 
 
 
Scheme 2.18. Synthesis of ethynyl-Cy5.25: (i) 13, Ac2O, reflux, 30 min; (ii) 7, Py, RT, 24 h, 81 %; (iii) 
(trimethylsilyl)acetylene, Et3N, CuI, Pd(PPh3)4, DMF, RT, 48 h, 69 %; (iv) TBAF, THF, RT, 15 min, 82 %. 
 
 
 
Scheme 2.19. Synthesis of N-pentynyl-Cy5.5: (i) 13, Ac2O, reflux, 30 min; (ii) 12, Py, RT, 18 h, 53 %. 
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Scheme 2.20. Synthesis of phenyl-ethynyl-Cy5.25: (i) (4-iodophenyl)-trimethylsilane, CuI, Pd(PPh3)4, Et3N, 
DMF, RT, 24 h, 60 %; (ii) TBAF, THF, RT, 10 min, 54 %. 
 
 
The  alkyne-derivatives  of  Cy3  were  synthesised  by  the  coupling  of  hemicyanine 
intermediates with indolium iodides. Hemicyanine intermediates can be easily synthesised 
and isolated which makes the coupling with a second indolium iodide more efficient than 
for the Cy5 where the hemicyanine is formed and the second indolium salt is added to the 
reaction  mixture.  The  hemicyanines  were  synthesised  according  to  the  literature 
procedure.
144  Indolium  iodides  were  refluxed  with  N,N′-bis-(4-
methoxyphenyl)formamidine  and  triethyl  orthoformate  in  ethanol.  The  products 
precipitated out during the reaction and were isolated by filtration. All hemicyanines were 
obtained with a high yield, including hemicyanines 38 (88 %, Scheme 2.21.), 42 (84 %, 
Scheme 2.22.), 44 (99 %, Scheme 2.23.) and hemicyanine 49 (91 %, Scheme 2.25.). The 
coupling  between  Cy3  hemicyanine  and  second  indolium  salt  was  performed  by  the 
method described by Fegan et al.
145  
 
The ethynyl-Cy3 41 was synthesised from iodo-hemicyanine 38 by coupling with 1,2,3,3-
tetramethylindolium iodide 2 with a yield of 95 %. The Sonogashira reaction of iodo-Cy3 
39 with (trimethylsilyl)acetylene (53 % yield) and TMS deprotection (63 % yield) afforded 
the final dye 41 (Scheme 2.21.). 
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Scheme 2.21. Synthesis of ethynyl-Cy3: (i) N,N′-diphenylformamidine, triethylorthoformate, EtOH, reflux, 6 
h, 88 %; (ii) 2, Py, Ac2O, 50 °C, 18 h, 95 %; (iii) (trimethylsilyl)acetylene, Et3N, CuI, Pd(PPh3)4, DMF, RT, 
20 h, 53 %; (iv) TBAF, THF, RT, 30 min, 63 %. 
 
 
The N-pentynyl-Cy3  43 was  synthesised from  N-pentynyl-hemicyanine  42 by coupling 
with 1,2,3,3-tetramethylindolium iodide 2 in 61 % yield (Scheme 2.22.). 
 
N+
I-
NHPh
N+ N
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Scheme 2.22. Synthesis of N-pentynyl-Cy3: (i) N,N′-diphenylformamidine, triethylorthoformate, EtOH, 97 
°C, 15 h, 84 %; (ii) 2, Py, Ac2O, 50 °C, 24 h, 61 %. 
 
 
The  ethynyl-Cy3.25  47  possessing  one  additional  aromatic  ring  in  comparison  with  a 
standard Cy3, was synthesised from benz[e]indolium hemicyanine 44 by a coupling with 
5-iodo-1,2,3,3-tetramethylindolium iodide 7 in 80 % yield. The Sonogashira reaction of 
iodo-Cy3.25 45 (80 % yield) and TMS deprotection (71 % yield) afforded the final dye 47 
(Scheme 2.23.). Chapter 2 – Synthesis and Properties of Cyanine Dyes and Quenchers 
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Scheme  2.23.  Synthesis  of  ethynyl-Cy3.25:  (i)  N,N′-diphenylformamidine,  triethylorthoformate,  EtOH, 
reflux, 18 h, 99 %; (ii) 7, Ac2O, Py, 50 °C, 48 h, 50 %; (iii) (trimethylsilyl)acetylene, Et3N, CuI, Pd(PPh3)4, 
DMF, RT, 48 h, 80 %; (iv) TBAF, THF, RT, 15 min, 71 %. 
 
 
The  N-pentynyl  Cy3.5  48  was  synthesised  from  benz[e]indolium  hemicyanine  44  by 
coupling with N-pentynyl-benz[e]indolium iodide 12 in 20 % yield (Scheme 2.24.). The 
yield of this reaction was much lower in comparison to other Cy3 syntheses described 
above.  This  could  be  due  to  a  less  efficient  reactivity  of  1-(4-pentynyl)-2,3,3-
trimethylbenz[e]indolium iodide 12.   
 
 
Scheme 2.24. Synthesis of  N-pentynyl-Cy3.5: (i) N,N′-diphenylformamidine,  triethylorthoformate, EtOH, 
reflux, 24 h, 99 %; (ii) 12, Ac2O, Py, 50 °C, 48 h, 20 %. 
 
 
The  N-butyronitrile-ethynyl-Cy3  52  was  synthesised  for  the  Surface  Enhanced  Raman 
Spectroscopy (SERS) experiments carried out by another PhD student, Robert Johnson. 
This required the introduction of nitrile group to the Cy3 structure (Scheme 2.25.). It was 
decided to attach nitrile group to the N(1)-position of the indolium (1-(3-cyanopropyl)-
2,3,3-trimethyl-3H-indolium bromide 5) and to couple it with iodo-hemicyanine 49 to have Chapter 2 – Synthesis and Properties of Cyanine Dyes and Quenchers 
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the alkyne group available for attachment to oligonucleotides by click chemistry on the 
indolium aromatic ring (ethynyl-Cy3). The aim of the experiment as well as design of the 
oligonucleotide probes for SERS studies is described in Chapter 4.  
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Scheme  2.25.  The  synthesis  of  ethynyl-N-butyronitrile-Cy3:  (i)  N,N′-diphenylformamidine, 
triethylorthoformate,  EtOH,  reflux,  18  h,  91  %;  (ii)  5,  Ac2O,  Py,  50  °C,  18  h,  44  %;  (iii) 
(trimethylsilyl)acetylene, Et3N, CuI, Pd(PPh3)4, DMF, RT, 48 h, 30 %; (iv) TBAF, THF, RT, 15 min, 85 %.  
 
 
The symmetric bis-ethynyl-Cy3 55 (Scheme 2.26.) and bis-ethynyl-Cy5 58 (Scheme 2.27.) 
were synthesised following the procedure described above. The bis-ethynyl derivatives can 
be used for the cross-coupling of two DNA strands or can be coupled to DNA at one end 
leaving one more reactive site for coupling with other molecules.  
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Scheme 2.26. Synthesis of symmetric bis-ethynyl-Cy3: (i) N,N′-diphenylformamidine, triethylorthoformate, 
EtOH, reflux, 18 h, 91 %; (ii) 7, Ac2O, Py, 50 °C, 12 h, 64 %; (iii) (trimethylsilyl)acetylene, Et3N, CuI, 
Pd(PPh3)4, DMF, RT, 24 h, 65 %; (iv) TBAF, THF, RT, 4 h, 58 %. Chapter 2 – Synthesis and Properties of Cyanine Dyes and Quenchers 
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Scheme 2.27. Synthesis of symmetric bis-ethynyl-Cy5: (i) 13, Ac2O, reflux, 30 min; (ii) 7, Py, RT, 18 h, 70 
%; (iii) (trimethylsilyl)acetylene, Et3N, CuI, Pd(PPh3)4, DMF, RT, 14 h, 16 %; (iv) TBAF, THF, RT, 10 min, 
76 %. 
 
 
2.2.4. Summary of Cyanine Dye Synthesis and Purification 
 
The synthesis of Cyanine Dyes was optimised based on different literature sources. The 
Cy3  derivatives  were  synthesised  through  a  hemicyanine  intermediate,  while  the 
hemicyanine of Cy5 could not be isolated, therefore a one-pot synthesis was applied for the 
Cy5 synthesis. In general, the coupling efficiencies between two indolium salts (Cy5) and 
hemicyanines with indolium salts (Cy3) were dependent on the indolium salt structure. It 
was  observed  that  5-iodo-substituted  indolium  salts  were  more  reactive  then  N-
carboxypentyl or N-pentynyl indolium salts. Due to a similar polarity of iodo- and silyl-
substituted Cy-dyes it was often difficult to follow the progress of the Sonogashira reaction 
on the TLC.  
 
The  deprotection  of  the  trimethylsilyl  (TMS)  group  was  initially  tried  with  potassium 
hydroxide and potassium carbonate in MeOH,
145 but the conditions were not very efficient. 
The most efficient reagent for TMS cleavage was tetrabutylammonium fluoride (TBAF). 
Despite a very quick reaction rate (10-15 minutes), it was difficult to purify the final dye 
from the TBAF residue. The main method used for removing TBAF is aqueous-phase 
extraction.
163 This protocol was found to be not sufficient for cyanine dyes, often leaving a 
large  amount  of  TBAF  residue  present  in  the  final  sample.  Different  methods  of 
purification  were  investigated,  including  precipitation,  column  chromatography  and Chapter 2 – Synthesis and Properties of Cyanine Dyes and Quenchers 
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Dowex filtration. Parlow et al. reported a method for the sequestration of TBAF reagent 
using mixed bed of Amberlyst A-15 calcium sulfonate resin and Amberlyst A-15 sulfonic 
acid resin for proton-tetrabutylammonium exchange.
164 We have tried a similar method 
reported by Kaburagi and Kishi,
163 which was based on the work by Parlow et al. Cy-dyes 
containing TBAF  residue  were dissolved in  THF, an excess  of  Dowex (H
+  form) and 
calcium carbonate was added, the mixture was stirred at room temperature for a few hours, 
filtered and evaporated. Although this method did not totally remove the TBAF residue 
from  the  final  dye,  this  did  not  interfere  with  the  labelling  of  oligonucleotides.  More 
importantly,  it  was  possible  to  remove  the  TBAF  residue  by  filtration  of  the  labelled 
oligonucleotides through a short column of Dowex Na
+-form following HPLC purification. 
 
The purification of cyanine dyes was the most challenging step of the Cy-dyes synthesis. 
In order to achieve pure dye, column chromatography was often undertaken several times 
using different eluent systems. The best way of purifying Cy-dyes was found to be elution 
of  red, yellow and green fractions using either DCM, EtOAc, or DCM/EtOAc 1:1 first, 
then using a gradient of MeOH (Figure 2.2.). Cy-dyes often required a high percentage of 
MeOH in order to fully elute them from the column. Methanolic ammonia was often added 
to the eluent mixture in the case of dyes which strongly bound to the silica gel. Different 
methods of purification were tested in order to avoid the loss of the dye on the silica, but 
column chromatography remained the best method to obtain a dye with the highest purity.   
  
   
Figure 2.2. Column chromatography of ethynyl-Cy5-derivative (left, the product is eluted in the last, dark 
blue  fractions)  and  TLC  of  the  reaction  mixture  during  formation  of  ethynyl-Cy3-derivative  (right,  the 
product migrates as a pink spot). Chapter 2 – Synthesis and Properties of Cyanine Dyes and Quenchers 
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2.3. Influence of the Functional Groups and Structural Changes on the Properties of 
Cyanine Dyes  
 
The properties of cyanine dyes can be modulated by a change in the structure of the dye 
and  by  the  introduction  of  different  functional  groups.  Changes  in  the  length  of  the 
polymethine chain causes the largest shifts in the absorption and fluorescence emission 
spectra.  As  described  previously  (Section  1.6.2.)  each  additional  double  bond  in  the 
polymethine chain causes a bathochromic shift of about 100 nm, for example Amax of N-
pentynyl-Cy3 43 is 550 nm while Amax of N-pentynyl-Cy5 31 is 645 nm (Table 2.1.). The 
length of the polymethine chain also has an influence on the Stokes shift, which decreases 
with the length of the chain due to weakening of the vibrational interactions. This is mostly 
observed  in  case  of  symmetrical  cyanines.  Additionally  with  increasing  the  length  of 
polymethine chain the fluorescence quantum yields first increase and then decrease. This is 
due  to  more  intense  internal  conversion  transition  while  the  chain  elongates.
165  Both 
emission and absorption maxima are affected by a change in the conjugation system of Cy-
dyes (Table 2.1.). The incorporation of a triple bond in ethynyl-dyes causes a bathochromic 
shift of ~10 nm relative to the parent Cy-dye, for example N-pentynyl-Cy5 31 and ethynyl-
Cy5 28. An additional aromatic ring causes a bathochromic shift of ~20 nm relative to the 
parent dye, for example ethynyl-Cy5 28 and ethynyl-Cy5.25 34. Consequently, the triple 
bond and aromatic ring combined causes a bathochromic shift of ~30 nm (N-pentynyl-Cy5 
31 and ethynyl-Cy5.25 34).  
 
Molar  exctinction  coefficients  and  quantum  yields  are  important  characteristics  of  the 
fluorophores (Chapter 1.3.1.). The brightness (fluorescence intensity) of the fluorophore is 
determined by its extinction coefficient (ε) and the quantum yield (ʦ). In general the larger 
the value of the ε and ʦ the brighter is the fluorophore and the higher is its fluorescence 
intensity. Extinction coefficients and quantum yields of trimethine cyanines are in most 
cases much smaller than of pentamethine cyanines (Table 2.1. and Table 2.2.). This is due 
to more efficient photoisomerisation (Chapter 1, Section 1.6.2.) from the first excited state 
for the Cy-dyes with shorter polymethine chains.
116,166  
Cy3 is  therefore  also  more sensitive to  the influence of the temperature and the local 
environment.  A  rise  in  temperature  increases  the  efficiency  of  the  photoisomerisation 
process,  because  it  provides  additional  energy  to  overcome  the  activation  barrier  for 
photoisomerisation.  The  quantum  yields  of  cyanines  are  therefore  lower  at  higher Chapter 2 – Synthesis and Properties of Cyanine Dyes and Quenchers 
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temperatures.  Fluorescence  efficiency  is  also  influenced  by  solvent  viscosity.  It  was 
observed  that  fluorescence  quantum  yield  and  fluorescence  lifetime  increases  in  more 
viscous solvents.
117,118 Additionally at lower temperature the solvent viscosity is higher 
making the activation barrier of photoisomerisation more difficult to overcome.  
 
The quantum yields of Cy-dyes used in further studies were calculated (Table 2.1.) and 
their values are similar to the commercially available Cy-dyes (Table 2.2. and Figure 2.3.).  
 
 
Free dye in ethanol (E) or 
methanol (M) 
Amax 
λ[nm] 
Emmax 
λ[nm] 
ε 
[M
-1 cm
-1]* 
Φ 
SD  
of Φ 
Cy5 NHS 16 (M)  641  666  230000  -  - 
Cy7 NHS 25 (M)  627  740  90200  -  - 
Ph-Cy5 NHS 30 (M)  665  684  147801  -  - 
Eth-Cy5 28 (E)  655  675  67000  0.20  0.015 
Np-Cy5 31 (E)   645  664  230000  0.24  0.015 
Eth-Cy5.25 34 (E)  673  693  135000  0.08  0.003 
Np-Cy5.5 35 (E)  682  704  260000  0.11  0.006 
Ph-Cy5.25 37 (E)  680  703  201000  0.10  0.012 
Eth-Cy3 41 (E)  560  577  95000  0.08  0.003 
Np-Cy3 43 (E)  550  563  116000  0.05  0.003 
Eth-Cy3.25 47 (E)  580  598  85000  0.04  0.005 
Np-Cy3.5 48 (E)  590  607  70000  0.09  0.004 
Eth-Cy3B (LH) (E)  567  584  118000  0.76  0.046 
Cy3-nitrile 52 (M)  557  574  132000  -  - 
Eth-Cy3-Eth 55 (M)  566  583  118000  -  - 
Eth-Cy5-Eth 58 (M)  658  678  158000  -  - 
 
Table 2.1. Absorption maximum (Amax), emission maximum (emmax), and quantum yield (Φ) of free Cy-dyes 
in  ethanol  (E)  or  methanol  (M).  Standard  deviation  (SD)  calculated  from  3  repeats.  *  All  extinction 
coefficients (ε) were measured in methanol. Reference for the Cy5 dyes quantum yield calculations: Cy5-
NHS ester in ethanol: Φ=0.3,
20 and for the Cy3: Rhodamine in ethanol: Φ=1.
167 Excitation wavelength for 
Cy5 samples was λ=610 nm and for Cy3 λ=540 nm. LH – compound synthesised by Lucy Hall. 
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Commercially available cyanine dyes are usually functionalised with a sulfonate groups 
which  not  only  improve  water  solubility  but  also  prevent  dyes  from  aggregating  in 
solution.
107,168 However, the lack of sulfonates allows improved interactions of Cy-dyes 
with  DNA,  reducing  the  efficiency  of  the  photoisomerisation  and  at  the  same  time 
increasing  the  fluorescence  intensities.  The  interactions  of  cyanines  with  DNA  are 
discussed in Chapter 4. 
 
 
Figure 2.3. Commercially available Cyanine Dyes (GE Healthcare). A: Cy3 (n=1), Cy5 (n=2), and Cy7 
(n=3) NHS-esters; B: Cy3.5 (n=1), Cy5.5 (n=2) NHS-esters; C: Cy3B NHS-ester. 
 
 
Commercial dyes in 
ethanol (E) / methanol (M) 
Amax 
λ[nm] 
Emmax 
λ[nm] 
ε 
[M
-1 cm
-1] 
Φ  Φ 
Cy3 NHS (E)  550  570  150000  >0.15
*  0.04
169 
Cy3.5 NHS (E)  581  596  150000  >0.15
*  0.15
154 
Cy5 NHS (E)  649  670  250000  >0.28
*  0.30
20 
Cy5.5 NHS (E)  675  694  250000  >0.28
*  0.23
154 
Cy7 NHS (E)  747  776  200000  0.28
**  - 
Cy3B NHS (M)  559  570  130000  >0.7
*  0.67
169 
Table 2.2. Absorption maximum (Amax), emission maximum (emmax), extinction coefficient (ε) and quantum 
yield (Φ) commercially available Cy-dye NHS esters (GE Healthcare). *GE Healthcare (data for labelled 
proteins apart from Cy3B); **Amersham Biosciences.  
 
 
Ethynyl-Cy3B (LH, Table 2.1.) as well as Cy3B NHS-ester (Table 2.2.) exhibit much 
higher quantum yields in comparison with Cy3 and other cyanines. The rigid backbone of 
Cy3B  (Figure 2.3. C) imposes  a fixed conformation  on the dye  and  at  the same time 
prevents  Cy3B  from  undergoing  rotational  changes,  which  lead  to  the  occurrence  of Chapter 2 – Synthesis and Properties of Cyanine Dyes and Quenchers 
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photoisomerisation.
169  Thus,  Cy3B  exhibits  the  highest  fluorescence  efficiency  of  all 
cyanine dyes and is not sensitive to changes in temperature. 
 
Cyanine dyes exhibit a negative solvatochromism, which corresponds to a hypsochromic 
shift  (blue  shift)  of  the  absorption  spectrum  with  increasing  solvent  polarity.
110,112 
Absorption  maxima  measured  in  EtOH  were  compared  with  the  absorption  maxima 
measured  in  MeOH  and  in  all  cases  there  was  a  hypsochromic  shift  observed  for  the 
absorption measured in MeOH (Table 2.3.). The shifts were in the range of 1-8 nm, where 
the highest shift was observed for N-pentynyl-Cy3 41 and the smallest for ethynyl-Cy3B 
(LH).  
 
Free Cy-Dye in solution 
Amax in EtOH  
λ[nm] 
Amax in MeOH 
λ[nm] 
Blue shift 
λ[nm] 
Eth-Cy5 28  655  650  5 
Np-Cy5 31   645  640  5 
Eth-Cy5.25 34  673  667  6 
Np-Cy5.5 35  682  678  4 
Ph-Cy5.25 37  680  675  5 
Eth-Cy3 41  560  557  3 
Np-Cy3 43  550  642  8 
Eth-Cy3.25 47  580  575  5 
Np-Cy3.5 48  590  586  4 
Eth-Cy3B (LH)  567  566  1 
Table 2.3. Comparison of the absorption maxima of Cy-dyes measured in solvents of a different polarity. 
 
 
The Stokes shift of most cyanine dyes is less than 25 nm, what can cause reduced detection 
efficiency and self-quenching. Interestingly, heptamethine cyanine dyes (Cy7) with amino-
substitutions in the meso position of the polymethine chain exhibit pronounced Stokes 
shifts. For example, amino substitutions in Cy7 NHS-ester 25 resulted in a pronounced 
Stokes shift of 113 nm as oppose to a standard Cy7 NHS-ester which has a Stokes shift of 
22 nm (Figure 2.4.). Peng et al. explained this phenomena as a result of intramolecular 
charge transfer (ICT) based on the observed solvatochromism of the dye molecule.
170 In 
contrast  to  a  chloro-substituted  Cy7,  amine-substituted  Cy7  exhibits  strong  negative Chapter 2 – Synthesis and Properties of Cyanine Dyes and Quenchers 
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solvatochromism in the absorption spectrum due to hydrogen-bond interactions with the 
solvent.  During  the  formation  of  the  ICT  state  the  amine  configuration  changes  from 
pyramidal to planar.
170  
 
 
 
Figure 2.4. Comparison between Stokes shifts of Cy7 NHS-ester (GE Healthcare, left) and meso-substituted 
Cy7 NHS-ester (25, right). 
 
 
The large Stokes shifts for meso-substituted heptamethine cyanines were also observed by 
Descalzo and Rurack.
171 They have interpreted the theory of ICT state on the localisation 
of molecular orbitals in cyanine dyes. The HOMO (Highest Occupied Molecular Orbital) 
is localised on the entire heptamethine chromophore, but not on the meso substituent, while 
the LUMO (Lowest Unoccupied Molecular Orbital) is localised on the heptamethine chain 
and  also  on  the  meso  substituent.  According  to  Kuhn′s  classic  polymethine  dye 
theory,
172,173 the electron density on carbon in the meso position is high in the LUMO and 
low  in  the  HOMO.  The  observed  hypsochromic  or  bathochromic  shifts  in  the  Cy7 
spectrum  are  therefore  the  results  of  destabilisation  or  stabilisation  of  the  LUMO  by 
electron donating and electron accepting substituents in the meso position.
171  Chapter 2 – Synthesis and Properties of Cyanine Dyes and Quenchers 
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In contrast to large Stokes shifts observed for the Cy7 NHS-ester 25 (113 nm, Figure 2.4. 
right) and the Cy7 derivatives described by Peng et al.,
170 (155 nm - compound B, 140 nm 
– compound C, Figure 2.5.); Kiyose et al. reported the Stokes shift for meso-substituted 
Cy7 (compound A, Figure 2.5.) of only 46 nm.
174 The comparison between these structures 
confirms that the amine substitution itself does not influence the Stokes shift. All Cy7 dyes 
(25, and A-C) have an amine substitution in the meso position of the polymethine chain, 
but conjugated to different groups. Alkyl (25), cyclohexenyl (B) and benzyl (C) electron 
donating groups destabilise the LUMO in the meso position, thus a hypsochromic shift of 
the absorption spectrum is observed resulting in the large Stokes shift observed for those 
structures. The phenyl substitutions (A) stabilise the structure and electron density at the 
meso position by resonance, resulting in a bathochromic shift of the absorption spectrum 
and a small Stokes shift observed by Kiyose et al. This explains the differences in the 
Stokes shifts for meso-substituted Cy7 and at the same time confirms that the explanation 
provided by Descalzo and Rurack is more probable, and that intramolecular charge transfer 
(ICT) is not involved in this phenomenon.
171         
 
 
Figure 2.5. Structures of meso-substituted heptamethine cyanines: Cy7-NHS ester 25, phenyl-substituted 
Cy7 A,
174 cyclohexenyl-substituted Cy7 B,
170 and benzyl-substituted Cy7 C.
170  
 
 
The  meso-substituted  Cy7  NHS-ester  25  exhibits  broader  and  structurally  different 
absorption spectrum than non-substituted Cy7 (Figure 2.4.). The mirror image relationship Chapter 2 – Synthesis and Properties of Cyanine Dyes and Quenchers 
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between  the  absorption  and  fluorescence  spectra,  which  is  characteristic  for  standard 
cyanines,  is  no  longer  present.  There  is  a  smaller,  red-shifted  shoulder  present  in  the 
absorption spectrum of Cy7 NHS-ester 25, which can be also explained by formation of a 
dimer with an anti-parallel orientation of the two dipoles.  The aggregation of cyanine dyes 
is described in Chapter 1 (Section 1.6.3.).  
 
Substitution on fluorescent cyanines by a nitro or amine group can also alter the electronic 
characteristics so that the molecule becomes non-fluorescent. Non-fluorescent quenching 
dyes are known as dark quenchers and are commonly used in dual labelled oligonucleotide 
probes. Birch et al. synthesised a variety of Cyanine dyes with nitro and 3,5-dinitrophenyl 
group substitutions (Figure 2.6. A, B).
175 All the nitro-substituted molecules exhibit almost 
no fluorescence and they quench about 95 % of the fluorescence of the donor dyes. Peng et 
al. synthesised the quencher based on a Cy7 structure substituted with an amine group, for 
FRET studies (Figure 2.6. C). The molecule does not exhibit any fluorescence, and due to 
its broad absorption spectrum in the 550 – 950 nm range, it quenches the fluorescence from 
fluorophores  emitting  in  the  visible  to  near-infrared  region  (fluorescein,  Cy3,  Cy5, 
IRDyes).
176  
 
Figure 2.6. Structures of  ′Dark′ Cyanine Dyes. Examples of  Cy3 (n=1)  A and Cy5  (n=2)  B  with  nitro 
modification;
175 and Cy7-NHS ester derivative (IRDye QC-1 NHS ester).
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 2.4. Disperse Blue Phosphoramidite Quencher 
 
2.4.1. Introduction 
 
Quenchers  are  molecules  chemically  related  to  fluorophores.  Fluorophores  emit  the 
absorbed fluorescence resonance energy as light. Quenchers on the contrary, transform the 
absorbed  energy  of  light  to  heat.  Quenchers  have  found  applications  in  dual  labelled 
oligonucleotide  probes,  where  no  background  fluorescence  is  required,  for  example 
molecular beacons,
6,8 Scorpion primers
15,16,66 (collisional quenching) and TaqMan probes 
(FRET quenching).
17,18 The choice of dye/quencher pairs is often very important because 
can potentially increase the quenching efficiencies of the probes.  
 
Disperse Blue is a fluorescence quencher based on 1,4-diaminoanthraquinone, it does not 
exhibit any fluorescence and has a broad absorption spectrum between 550 and 700 nm,
177 
and therefore is able to quench a variety of fluorophores. Anthraquinone derivatives are of 
great  interest  not  only  due  to  their  quenching  properties,  but  they  are  also  known  to 
stabilise  the  DNA  duplexes  by  intercalation,
178-182  and  increase  the  stability  of  DNA 
triplexes.
183,184    
 
Disperse Blue phosphoramidite (Figure 2.2. B) was synthesised previously by Brown et al. 
from a commercially available 1-((2-hydroxyethyl)amino)-4-(methylamino)anthraquinone, 
Disperse Blue 3 (Figure 2.2. A) and was incorporated into oligonucleotides at the 5′-end, 
the 3′-end and internally as a 2′-deoxyuridine phosphoramidite derivative.
177   
 
 
 
Figure 2.7. Structures of Disperse Blue 3: A (Aldrich)
185 and Disperse Blue Phosphoramidite B.
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Disperse Blue 3 can be purchased from Aldrich as a crude mixture with only 20 % of dye 
content. The purification of this material was arduous and inefficient, and only a small 
amount  of  the  pure  compound  was  obtained.  Hence,  it  was  decided  to  optimise  the 
conditions for the convenient synthesis of this compound and also to extend the alkyl chain 
between the phosphoramidite group and anthraquinone core (from 2-hydroxyethyl to 6-
hydroxyhexyl). 
 
  
2.4.2. Disperse Blue Phosphoramidite Synthesis 
 
4-[(6-Hydroxyhexyl)amino]-1-(methylamino)anthraquinone 66 was firstly synthesised in a 
one-step reaction from leucoquinizarin (2,3-dihydro-9,10-dihydroxy-1,4-anthracenedione) 
using methylamine, 6-amino-1-hexanol in n-butanol (Scheme 2.28.). The reaction gave 3 
products,  the  desired  compound  66,  4-[methylamino]-1-(methylamino)anthraquinone  B, 
and 1,4-[bis(6-hydroxyhexyl)amino]-anthraquinone C. The reaction was unselective and 
low  yielding,  therefore  it  was  decided  to  change  the  synthetic  route  using  1-
(methylamino)anthraquinone as a starting material. 
 
 
Scheme 2.28. Synthesis of Disperse Blue from leucoquinizarin A: (i) methylamine, 6-amino-1-hexanol, n-
butanol, 100 °C. 
 
 
The  bromination  of  1-(methylamino)anthraquinone  was  carried  out  by  the  method 
described  by  Chamberlein
186  and  the  4-bromo-1-(methylamino)anthraquinone  65  was Chapter 2 – Synthesis and Properties of Cyanine Dyes and Quenchers 
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obtained with  a high  yield  (98 %). The second  step was  less  efficient (32 %), this  is 
because the reaction did not go to completion regardless the amount of the reagent used 
and reaction time. Column chromatography afforded compound 66 in high purity, and the 
starting material was easily recovered after purification and could be used to repeat the 
reaction  if  necessary.  Finally  the  phosphitylation  of  4-[(6-hydroxyhexyl)amino]-1-
(methylamino)anthraquinone  66  provided  Disperse  Blue  phosphoramidite  67  in  59  % 
yield.  The  compound  67  can  be  incorporated  at  the  5′-end  of  oligonucleotides  during 
standard solid-phase synthesis.  It has potential uses as a quencher for Cy-dyes. 
 
 
 
Scheme 2.29. Synthesis of Disperse Blue phosphoramidite: (i) propionic acid, acetic acid, hydrobromic acid, 
50 °C, 2 h, bromine, 0 °C, 1 h, 98 %; (ii) 6-amino-1-hexanol, toluene, 48 h, 38 %; (iii) 2-cyanoethyl-N,N′-
diisopropylchlorophosphoramidite, DIPEA, DCM, RT, 1 h, 59 %.    
 
 
2.5. Conclusions 
 
A wide range of cyanine dyes have been synthesised including Cy-dye NHS-esters for the 
labelling  of  the  oligonucleotides  by  amide  coupling,  and  alkyne-modified  Cy-dyes  for 
oligonucleotide labelling  using click chemistry.  An understanding of the photophysical 
properties  of  cyanine  dyes  is  crucial  for  any  fluorescence  studies.  The  absorption  and 
emission wavelengths of cyanine dyes can be modulated by changes in the structure, like 
length of the polymethine chain, additional aromatic rings and double/triple bonds. The 
properties  can  be  changed  also  by  introduction  of  different  functional  groups  and Chapter 2 – Synthesis and Properties of Cyanine Dyes and Quenchers 
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substituents,  for  example  sulfonyl,  nitro,  amine  groups,  and  by  changes  of  the 
environment, which influence the solvatochromism, aggregation, and photoisomerisation 
processes.  
 
Apart from the carbocyanine dyes discussed in this chapter there are other cyanines widely 
reported  in  the  literature,  for  example  thiacyanine  dyes  (benzothiazole  cyanine),
187-189 
benzothiazole styrylcyanines,
190,191 thiacyanines with a perfluorinated polymethine chains, 
bis-azacyanines, bis-diazacyanines
192 and other.
193-195 This wide variety of cyanine dyes 
derivatives, has found applications in many fluorescence based methods. 
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3. Click Chemistry Labelling 
 
This chapter describes the use of click chemistry (specifically the CuAAC reaction)
22,24,25 
to  label  azide-modified  oligonucleotides  with  alkyne-derivatives  of  cyanine  dyes.  It 
describes  the  synthesis  of  a  2′-mesyloxyethyl  ribothymidine  monomer,
12,137  its 
incorporation into oligonucleotides, the post-synthetic conversion of the mesyl group to 
azide,  and  the  synthesis  of  a  TBTA  ligand  for  binding  Cu(I)  and  protecting 
oligonucleotides from degradation. 
 
 
3.1. Introduction 
 
Click chemistry has become an important method for the attachment of reporter groups to 
nucleic acids,
32-34,196 peptides,
25,197 sugars,
33,40 and other biomolecules.
23,27,198,199 There are 
many  examples  of  labelling  alkyne-modified  oligonucleotides  with  azide-modified 
fluorophores,
32,34,35,200-203  but  there  are  few  examples  of  the  use  of  alkyne-modified 
fluorophores and azide-functionalised oligonucleotides.
41,43,44,204  This is mainly because 
the azide group is incompatible with phosphoramidite oligonucleotide synthesis. 
39,40 It is 
possible to introduce an azide during oligonucleotide synthesis (e.g. using 3′ azide attached 
to the solid support),
43 but an azide group cannot be combined with P(III) in the same 
molecule,  therefore  an  azide-modified  compound  cannot  be  used  as  phosphoramidite 
monomer.    The  circumvent  this  problem,  we  opted  to  introduce  azides  into 
oligonucleotides  via  displacement  of  a  mesyl  group.  As  part  of  this  strategy,  a  2′-
mesyloxyethyl  ribothymidine  (2′-mesyloxyethyl-rT)  phosphoramidite  monomer  was 
synthesised  and  shown  to  be  compatible  with  standard  conditions  of  solid-phase 
oligonucleotide synthesis. It can be incorporated DNA and RNA sequences in any position. 
Previous studies show that cyanine dyes possess better fluorescent properties when they 
are located in the minor groove of DNA than in the major groove.
12 Therefore we decided 
to  attach  various  alkyne  derivatives  of  Cy-dyes  to  the  2′-position  of  the  ribose  sugar. 
Fluorophores attached to the 2′-position of the sugar do not interfere with base pairing.  
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3.2.  Synthesis  of  2′-Mesyloxyethyl  Ribothymidine  Phosphoramidite  Monomer  for 
Incorporation into Oligonucleotides 
 
The 2′-mesyloxyethyl-rT nucleoside was synthesised according to the literature (Scheme 
3.1.).
12 The first two steps of the synthesis were very efficient, the yields were improved to 
96 % for the synthesis of 2,2′-anhydro-5-methyluridine 59 and 95 % for the tritylation 
reaction as opposed to 90 % and 89 % as reported in the literature.
12 The synthesis of 2′-O-
hydroxyethyl derivative 61 was less efficient (57 %) due to difficulties in removing solid 
titanium complex from the reaction mixture. This was achieved by repeated centrifuging of 
the reaction mixture at 4 °C for 20 minutes. The mesyl substitution reaction to obtain 
compound 62 was performed at -70 °C, adding mesyl chloride dropwise in order to avoid 
mesyl substitution at the 3′-OH instead of the 2′-OH position.  
 
 
Scheme  3.1.  Synthesis  of  the  2′-mesyloxyethyl  ribothymidine  phosphoramidite  monomer:  (i)  5-
methyluridine, diphenyl carbonate, NaHCO3 cat., 100 °C, DMF, 2 h, 95.7 %; (ii) DMTCl, pyridine, RT, 2 h, 
95.4 %; (iii) ethylene glycol, Ti(OiPr)4, NaHCO3 cat., THF, 150 °C, 24 h, 56.5 %; (iv) mesyl chloride, 
triethylamine, DCM, 5 h, -70 °C, 60 %; (v) 2-cyanoethyl-N,N′-diisopropylchlorophosphoramidite, DIPEA, 
DCM, RT, 4 h, 48 %. Chapter 3 – Click Chemistry Labelling 
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In  the  last  step,  the  product  62  was  phosphitylated  to  obtain  2′-mesyloxyethyl 
ribothymidine phosphoramidite  63 for incorporation into oligonucleotides  during solid-
phase  synthesis. 
205  The  mesyl-modified  monomer  was  chosen  because  of  the 
incompatibility of the azide group with P(III) chemistry (Staudinger reaction).
38 
 
 
3.3  Post-Synthetic  Conversion  of  2′-Mesyloxyethyl  Ribothymidine  to  2′-Azidoethyl 
Ribothymidine 
 
The mesyl group was displaced by azide post-synthetically on protected oligonucleotides 
attached  to  the  solid  support  (Scheme  3.2.).  Optimisation  of  the  azide  displacement 
reaction was  carried out by  varying the reaction conditions  and  analysing  the reaction 
mixtures by HPLC, mass spectrometry and capillary electrophoresis. The best conditions 
were found to be the addition of excess of sodium azide (40 mg of sodium azide for 1 
µmol of oligonucleotide) with 1 mL of anhydrous DMF and heating the reaction for 20 h at 
65 °C. After the reaction, the resin was washed three times with the following solvents: 
DMF, EtOH/H2O 1:1, acetonitrile, and ether. The wash with ethanol and water was carried 
out to ensure that the excess of sodium azide was completely removed from the resin.   
 
 
Scheme 3.2. a: 2′-Mesyloxyethyl ribothymidine phosphoramidite monomer (A) b: Conversion of the 2′-
mesyloxyethyl-rT (A) to 2′-azidoethyl-rT (B): (i) NaN3, DMF, 65 °C, 20 h; and labelling with (R): (ii) dye 
(R), CuSO4, sodium ascorbate, tris-hydroxypropyl triazole ligand, DMSO, 55 °C, 2 h. 
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Initially this reaction was carried out in the presence of 18-Crown-6 ether, which helps 
sodium azide to dissolve by complexing the sodium ions. Problems were experienced due 
to the hygroscopic nature of the crown-ether, so this approach was abandoned. Instead it 
was decided to use a smaller amount of sodium azide in the absence of the crown-ether. 
The azide displacement step is very efficient, even in oligonucleotides that contain three 
additions of the mesyl monomer, and the desired product is obtained in almost quantitative 
yield  (Figure  3.1).  The  experimental  procedure  for  the  mesyl  to  azide  conversion  is 
presented in Chapter 6 (Section 6.4.2.1.). 
 
 
Figure 3.1. Efficiency of the mesyl to azide conversion. A: Reversed-phase HPLC of  the oligonucleotide 
labelled with 2 additions of the azide with 5 base pairs separation (Oligo-5-azidoT); B: Anion-exchange 
HPLC of the same oligonucleotide as A (Oligo-5-azidoT); C: Anion-exchange HPLC of the oligonucleotide 
labelled with 3 additions of an azide with 5 and 5 base pairs separation (Oligo-5/5-azidoT); D: Capillary 
electrophoresis of the same oligonucleotide as A and B (Oligo-5-azidoT). UV absorbance was recorded at 
260  nm.  Conditions  of  the  HPLC  purification  are  in  Chapter  6  (Section  6.5.).  The  sequences  of  the 
oligonucleotides are presented in Chapter 8 (Table 8.1.). 
 
 
3.4. Fluorescent Labelling of Azide Oligonucleotides by Click Chemistry 
 
The dye-labelling click reactions were carried out on the oligonucleotide synthesis resin 
(Scheme 3.2.) to take advantage of the ease by which the excess free dye can be removed 
by  washing  the  resin  with  organic  solvents.  To  the  resin,  tris-hydroxypropyl  triazole 
ligand
30 (Chapter 1, Figure 1.13.) was added in 100 μL of water, then copper (II) sulfate, 
sodium ascorbate and 1 mg of the dye in 50 μL DMSO were added under argon. The Chapter 3 – Click Chemistry Labelling 
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reaction was heated for 2 hours at 55 °C then the resin was washed to remove the excess of 
the dye. The catalyst for the click labelling reaction was prepared in situ by reduction of 
stable copper (II) sulfate with aqueous sodium ascorbate. The tris-hydroxypropyl triazole 
ligand  plays  an  important  role  in  this  reaction;  it  protects  Cu(I)  from  oxidation  and 
disproportionation, and it also prevents DNA degradation by binding to copper ions.
28,30 
After labelling with the dye, oligonucleotides were deprotected and cleaved from the resin 
by treatment with concentrated aqueous ammonia for 18 h at room temperature. Labelled 
oligonucleotides were purified by reverse phase HPLC (Chapter 8, Figures 8.1.-8.7.), and 
characterised by mass spectrometry (Chapter 8, Table 8.4.) and capillary electrophoresis 
(Chapter 8, Figures 8.8.-8.11.). Oligonucleotides labelled with ethynyl-dyes were filtered 
through Dowex Na
+ before purification by HPLC. This was needed to remove traces of 
tetrabutylammonium ions  resulting  from  the tetrabutylammonium  fluoride (TBAF) that 
was used in the final step of Cy-dye synthesis. 
 
As the efficiency of the azide displacement of the mesyl group is almost 100 %, the overall 
efficiency of dye labelling depends mainly on the click reaction, which in turn depends 
upon the dye structure and the base pair separation between the sites in the oligonucleotide 
that are being labelled with the fluorophores. The HPLC traces show that labelling with 
two additions of smaller dyes like Cy3 gives high labelling yields; the peak of the labelled 
oligonucleotide was much higher than the peak of the unlabelled oligonucleotide (Figure 
3.2. A). The labelling was also efficient for larger dyes like Cy5.5, even with smaller base 
pairs separations (Figure 3.2. B), as well as for the triple dye additions (Figure 3.2. C). The 
fluorescent probes used in these studies were labelled whilst attached to the synthesis resin, 
but  the  method  was  also  evaluated  in  post-synthetic  solution-phase  oligonucleotide 
labelling (Figure 3.2. D). Labelling in solution is an essential approach for dyes which are 
unstable to oligonucleotide deprotection conditions (aqueous ammonia). For the dyes that 
are unstable to heating, the click labelling reaction can be carried out at room temperature 
overnight. 
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Figure 3.2. Examples of HPLC traces of Cy-dye labelled oligonucleotides (crude reaction mixtures). A: 
HyB-5-EtCy3 (on-resin labelling, 2 additions of the ethynyl-Cy3), B: HyB-3-NpCy5.5 (on-resin labelling, 2 
additions of N-pentynyl-Cy5.5), C: HyB-5/5-Cy5.25 (on-resin labelling, 3 additions of the ethynyl-Cy5.25), 
D: HyB-5-NpCy3 (labelling in solution, 2 addition of N-pentynyl-Cy3). * Indicates the main product of the 
labelling. UV absorbance was recorded at 260nm. Conditions of the HPLC purification are in Chapter 6 
(Section 6.5.). The sequences of the oligonucleotides are presented in Chapter 8 (Table 8.1.). 
 
 
The  purity  of  labelled  oligonucleotides  after  HPLC  was  confirmed  by  capillary 
electrophoresis (Figure 3.3.). 
 
 
 
Figure 3.3. Example (for HyB-3-NpCy5.5) of Capillary Electophoresis (CE) of labelled oligonucleotides. 
UV absorbance was recorded at 260nm. The CEs of all the labelled oligonucleotides are presented in Chapter 
8 (Figures 8.8-8.11.). Chapter 3 – Click Chemistry Labelling 
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3.5. Synthesis of the TBTA Ligand 
 
Polytriazoles are very useful for click chemistry reactions, particularly with biologically 
important molecules.
30 The ligands bind to copper (I), stabilising the +1 oxidation state, 
and preventing degradation of oligonucleotides during the CuAAC  reaction.  
 
Tris-(benzyltriazolylmethyl)amine  (TBTA)  is  a  ligand  used  for  copper  (I)  catalysed 
reactions in organic solvents, while tris-hydroxypropyl triazole ligand (Chapter 1, Figure 
1.12.) is more suitable for reactions in aqueous solution.
30 TBTA is more labile and allows 
fast formation of the copper(I)-acetylide/ligand complex (Chapter 1, Figure 1.13.), which 
is a starting point for the catalytic cycle of the copper-catalysed ligation.
28  
 
TBTA (Scheme 3.3.) was synthesised according to a literature procedure.
30 The reaction 
was carried out for 3 days due to the slow reaction to form the third benzyl azide group. 
The reaction proceeded quickly to the bis-benzyltriazolyl derivative and slowly to tris-
(benzyltriazolyl)methylamine.  The  crystalline  product  precipitated  from  the  reaction 
mixture and was isolated by filtration.    
 
N
N
N
N
N
N
N
N N
N
N (i)
64  
 
Scheme 3.3. Synthesis of the tris-(benzyltriazolylmethyl)amine – TBTA ligand: (i) benzyl azide, 2,6-lutidine, 
acetonitrile, Cu(MeCN)4PF6, RT, 3 days, 44.4 %. 
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3.6. Conclusions and Future Work 
 
The CuAAC reaction was successfully applied to the labelling of oligonucleotides with 
alkyne-modified  CyDyes.  The  reaction  was  used  for  post-synthetic  labelling  of 
oligonucleotides  attached  to  the  solid  support,  and  also  in  aqueous  solution.  The  2′-
mesyloxyethyl  ribothymidine  phosphoramidite  monomer  can  be  incorporated  at  any 
position in an oligonucleotide by standard automated oligonucleotide synthesis,
205 and the 
nucleoside is readily converted to 2′-azidoethyl ribothymidine post-synthetically while the 
fully protected oligonucleotide remains attached to the synthesis resin. The monomer could 
conceivably be used to incorporate many other alkyne-modified molecules into the minor 
groove of DNA. It is not restricted to the addition of fluorescent dyes. 
 
Future work will include the synthesis of a mesyl-modified thymidine phosphoramidite 
monomer for major groove click labelling in which the mesyl group is attached to the 5-
position of the nucleobase (Figure 3.4. a). Along with the methodology described in this 
chapter it will provide a strategy for attaching fluorescent molecules into DNA in either or 
both grooves (Figure 3.4. b). 
 
 
 
Figure 3.4. a) 5-Mesyl-modified monomer for the major groove click labelling of oligonucleotides; b) base 
pairing between adenine and thymine  nucleobases showing 5-position of the base and 2′-position of the 
deoxyribose, which are positions of fluorophore attachment for minor and major groove labelling.  
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4. Fluorescent Probes 
 
This chapter describes the synthesis and properties of DNA and RNA HyBeacon probes 
labelled with alkyne-modified cyanine dyes. The influence of the attachment method of the 
dyes to DNA and RNA as well as the differences in dye structures is discussed. This 
chapter also describes oligonucleotide probes labelled with nitrile-functionalised Cy3 for 
Surface Enhanced Raman Spectroscopy (SERS) experiments which will be carried out by 
Dr. Robert Johnson in the School of Chemistry at Southampton University. It also includes 
preliminary studies on the use of RNA HyBeacons in cells in collaboration with Rebecca 
Morgan-Walsh at Southampton General Hospital. 
 
 
4.1. DNA HyBeacon Probes 
 
4.1.1. Introduction 
 
HyBeacon probes
11,91 were chosen based on their simple design and mechanism of action 
but the labelling techniques described in this thesis are also applicable to commonly used 
probes  like  Molecular  Beacons,
6-8  Scorpion  primers
15,16  and  TaqMan  probes
17,18,100 
(Chapter 1, Section 1.5.). HyBeacons have been used in allele discrimination,
11,12,92 human 
STR analysis,
13 and the analysis of genetic polymorphisms.
93  
 
The design of the HyBeacon probes was based on our previous studies, which indicate that 
HyBeacons labelled with cyanine dyes exhibit better fluorescence characteristics when the 
dyes are located in the minor groove of the DNA than in the major groove (Figure 4.1.).
12 
The tendency of free cyanine dyes to bind in the DNA minor groove has been widely 
studied.
206 It has been observed that cyanine dyes form dimers and also further helical 
aggregates  in  the  minor  groove  of  DNA  and  that  they  bind  preferentially  to  A-T 
sequences.
206-209 For minor groove labelling the 2′-mesyloxyethyl ribothymidine monomer 
63 was incorporated into oligonucleotides, converted to 2′-azidoethyl ribothymidine and 
labelled with alkyne-derivatives of cyanine dyes. The oligonucleotide synthesis protocol 
and method of labelling is described in Chapter 3. The labelling of oligonucleotides in the Chapter 4 – Fluorescent Probes 
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2′-position with fluorescent dyes was previously reported using 2′-hydroxyethyluridine and 
2′-aminodeoxyuridine.
90,210-212 
 
Figure 4.1. Image (HyperChem 7.0) of a double stranded HyBeacon probe labelled with ethynyl-Cy5 28 
(green) for 5 base pairs separation showing the dyes adopting a helical shape to fit into the minor groove of 
the DNA. 
 
 
The sequences of the HyBeacon probes were chosen to analyse the R516G mutation in the 
human CFTR gene. These sequences have been used in our previous studies on HyBeacons 
labelled by amide bond formation.
12 The use of the same sequences enabled us to compare 
HyBeacons labelled by click chemistry with the previously studied HyBeacons labelled by 
standard NHS-esters.   
 
All  HyBeacon  probes  were  labelled  internally  with  two  alkyne-cyanine  dyes.  Three 
different base pair separations (bp) were used to investigate the optimum distance between 
the  two  Cy-dyes  (Table  4.1.).  The  list  of  all  HyBeacon  sequences  (Table  8.1.),  mass 
spectrometry (Table 8.4.), HPLC traces (Figures 8.1.-8.7.), and capillary electrophoresis Chapter 4 – Fluorescent Probes 
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(Figures 8.8.-8.11.) of oligonucleotides used in the studies are presented in the Appendix 
(Chapter 8). 
 
HyBeacon name  HyBeacon sequence  Spacing 
HyB-3-Dye  CGCTTCXGTAXCTATATTCATC3  3 bp 
HyB-5-Dye  CGCTTCXGTATCXATATTCATC3  5 bp 
HyB-7-Dye  CGCTTCXGTATCTAXATTCATC3  7 bp 
WT target  CTATGATGAATATAGATACAGAAGCGTCAT   
MT target  CTATGATGAATATGGATACAGAAGCGTCAT   
 
Table 4.1. HyBeacon sequences used for the click chemistry labelling. X – 2′-azidoethyl-rT (the labelling 
position for Cy-dyes); bp – base pairs separation (spacing between the two X); WT – wild type; MT – 
mutant type; 3 – 3′-propanol 
 
 
Ten  different  alkyne-functionalised  cyanine  dyes  were  chosen  for  the  labelling  of 
HyBeacons (Figure 4.2.). Three different ethynyl-Cy5 dyes (28, 34, 37) and ethynyl-Cy3 
dyes (41, 47) including Cy3B derivative (LH), and two N-pentynyl-Cy5 (31, 35) and N-
pentynyl-Cy3 (43, 48) were used. These were chosen in order to investigate the influence 
of structural changes of Cy-dyes on the fluorescence properties of HyBeacons. 
 
HyBeacon  probes  labelled  with  alkyne-derivatives  of  Cy-dyes  were  studied  using 
fluorescence melting, UV melting, and analysis of fluorescence emission intensity at room 
temperature. The results were compared with HyBeacon labelled with standard NHS-esters 
of cyanine dyes.
12 
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Figure 4.2. Structures of alkyne-derivatives of Cy5 (left) and Cy3 (right) for the labelling of HyBeacons. 
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4.1.2. Fluorescence Melting Studies of DNA HyBeacons 
 
Fluorescence melting of HyBeacons hybridised to the wild type (WT) and mutant type 
(MT) targets were carried out. The fluorescence efficiency of cyanine dyes is strongly 
dependent on temperature.
116,120,123,213 This is reflected in the steep initial melting curve of 
HyBeacons  labelled with cyanine dyes.  The temperature dependence is  a result of the 
increased efficiency of trans – cis photoisomerisation of cyanines at higher temperatures 
(Chapter  1.  Section  1.6.2.  and  Chapter  2.  Section  2.3.).  In  double  stranded  DNA,  the 
isomerisation process is inhibited due to the dye being held in the minor groove, restricting 
rotation  around  the  polymethine  bridge.  Upon  duplex  melting  the  minor  groove  is  no 
longer present and the dye is free to isomerise. HyBeacons labelled with Cy5 derivatives 
(Figure  4.3.-4.7.)  showed  better  melting  curves  than  HyBeacons  labelled  with  Cy3 
derivatives (Figure 4.8.–4.12.). This is because Cy-dyes with short polymethine chains 
(Cy3)  undergo  photoisomerisation  more  effectively  than  Cy-dyes  with  longer  chains 
(Cy5). At the same time Cy3 is more sensitive to the temperature than Cy5.
116,121,166 In 
contrast to HyBeacons labelled with Cy3 and Cy5, HyBeacons labelled with Cy3B did not 
exhibit a steep initial melting curve (Figure 4.12). This is because the rigid structure of 
Cy3B  prevents  rotation  around  the  polymethine  chain,  thus  inhibiting 
photoisomerisation.
166 Fluorescence melting curves of all HyBeacons are presented below. 
 
 
 
 
Figure 4.3. Melting curves and melting derivatives of oligonucleotides labelled with ethynyl-Cy5 28. WT – 
wild type (solid line), MT – mutant type (dashed line), 3 base pair separation (black), 5 base pair separation 
(red), 7 base pair separation (blue). λex = 658 nm; λem = 680 nm.     
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Figure 4.4. Melting curves and melting derivatives of oligonucleotides labelled with N-pentynyl-Cy5 31. 
WT – wild type (solid line), MT – mutant type (dashed line), 3 base pair separation (black), 5 base pair 
separation (red), 7 base pair separation (blue). λex = 647 nm; λem = 667 nm.     
 
 
Figure 4.5. Melting curves and melting derivatives of oligonucleotides labelled with ethynyl-Cy5.25 34. WT 
– wild type (solid line), MT – mutant type (dashed line), 3 base pair separation (black), 5 base pair separation 
(red), 7 base pair separation (blue). λex = 675 nm; λem = 695 nm.     
 
 
 
Figure 4.6. Melting curves and melting derivatives of oligonucleotides labelled with N-pentynyl-Cy5.5 35. 
WT – wild type (solid line), MT – mutant type (dashed line), 3 base pair separation (black), 5 base pair 
separation (red), 7 base pair separation (blue). λex = 685 nm; λem = 704 nm.     Chapter 4 – Fluorescent Probes 
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Figure 4.7. Melting curves and melting derivatives of oligonucleotides labelled with phenyl-ethynyl-Cy5.25 
37. WT – wild type (solid line), MT – mutant type (dashed line), 3 base pair separation (black), 5 base pair 
separation (red), 7 base pair separation (blue). λex = 682 nm; λem = 700 nm. 
 
 
Figure 4.8. Melting curves and melting derivatives of oligonucleotides labelled with ethynyl-Cy3 41. WT – 
wild type (solid line), MT – mutant type (dashed line), 3 base pair separation (black), 5 base pair separation 
(red), 7 base pair separation (blue). λex = 560 nm; λem = 582 nm. 
 
 
 
Figure 4.9. Melting curves and melting derivatives of oligonucleotides labelled with N-pentynyl-Cy3 43. 
WT – wild type (solid line), MT – mutant type (dashed line), 3 base pair separation (black), 5 base pair 
separation (red), 7 base pair separation (blue). λex = 550 nm; λem = 566 nm. Chapter 4 – Fluorescent Probes 
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Figure 4.10. Melting curves and melting derivatives of oligonucleotides labelled with ethynyl-Cy3.25 47. 
WT – wild type (solid line), MT – mutant type (dashed line), 3 base pair separation (black), 5 base pair 
separation (red), 7 base pair separation (blue). λex = 581 nm; λem = 604 nm. 
 
 
Figure 4.11. Melting curves and melting derivatives of oligonucleotides labelled with N-pentynyl-Cy3.5 48. 
WT – wild type (solid line), MT – mutant type (dashed line), 3 base pair separation (black), 5 base pair 
separation (red), 7 base pair separation (blue). λex = 590 nm; λem = 610 nm. 
 
 
Figure 4.12. Melting curves and melting derivatives of oligonucleotides labelled with ethynyl-Cy3B LH. 
WT – wild type (solid line), MT – mutant type (dashed line), 3 base pair separation (black), 5 base pair 
separation (red), 7 base pair separation (blue). λex = 570 nm; λem = 586 nm. Chapter 4 – Fluorescent Probes 
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The best melting curves were observed for the 5 and 7 base pair separation (bp) between 
two cyanine dyes. The melting curves for 3 bp separation never performed as well. These 
results were consistent for all cyanine dyes. The melting temperatures of mutant type (MT) 
targets were as expected, lower than for the wild type (WT) targets due to reduced stability 
of the duplex with a mismatched base pair. As mentioned before, HyBeacons labelled with 
Cy5 displayed much better fluorescence melting curves  than Cy3.  HyBeacons  labelled 
with ethynyl-Cy5 28 (Figure 4.3.) and ethynyl-Cy5.25 34 (Figure 4.5.) exhibited sharper 
melting derivatives than HyBeacons labelled with N-pentynyl-Cy5 31 (Figure 4.4.) and N-
pentynyl-Cy5.5 35 (Figure 4.6.) which gave broad melting derivatives. Even HyBeacons 
labelled with a structurally bigger dye, like phenyl-ethynyl-Cy5.25 37 (Figure 4.7.) had 
sharper  melting  derivatives  than  N-pentynyl  dyes.  This  is  most  probably  because  N-
pentynyl dyes, due to being attached to the DNA through much longer linker, are more 
prone to photoisomerisation than ethynyl-dyes, which are held in closer proximity to the 
DNA  strand.  Because  of  the  more  efficient  photoisomerisation  of  Cy3,  most  of  the 
HyBeacons labelled with Cy3 derivatives displayed very steep initial melting curves which 
was reflected also in a broad peak in the melting derivatives. Sharp peaks in the melting 
derivatives  are  important,  because  they  provide  more  accurate  Tm  measurement  and 
therefore more accurate mutation discrimination. The only HyBeacon labelled with Cy3 
which exhibited a reasonable melting curve was the HyBeacon labelled with N-pentynyl-
Cy3.5 48 (Figure 4.11), which can be explained by the additional aromatic ring making the 
photoisomerisation of Cy3.5 less efficient than for Cy3. The best separation for ethynyl-
Cy5 28 (Figure 4.3.) and N-pentynyl-Cy5 31 (Figure 4.4.) was usually 5 base pairs. The 
separation between dyes with larger structures, like ethynyl-Cy5.25 34 (Figure 4.5.), N-
pentynyl-Cy5.5 35 (Figure 4.6.), or N-pentynyl-Cy3.5 48 (Figure 4.11.) was better for 7 
base pairs. A 7 bp separation was also the best for ethynyl-Cy3B LH (Figure 4.12.).  
 
The results of the melting studies indicate that despite the inherent temperature dependent 
fluorescence of cyanine dyes, the melting curves can be improved by careful choice of 
base pair separation, method of attachment, and by modifications of the Cy-dye structure. 
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4.1.3. UV Melting Studies of DNA HyBeacons 
 
UV melting studies were also carried out to establish the exact melting temperature of 
HyBeacons and of the effects of the cyanine dye on DNA duplex stability (Table 4.2.). The 
melting  temperatures  of  HyBeacons  labelled  with  alkyne-derivatives  of  Cy-dyes  were 
compared with the melting temperature of unmodified oligonucleotides, showing that two 
dyes attached to the 2′-position of modified thymidine do not destabilise the DNA duplex 
significantly. The smallest differences in melting temperature between labelled duplexes 
and the unmodified duplex were observed for the HyBeacons labelled with N-pentynyl-
Cy5  31  (-2.7 °C)  and  N-pentynyl-Cy3  43 (-2.8 °C). The biggest  destabilisation of the 
duplex  was  observed  for  the  HyBeacons  labelled  with  ethynyl-Cy3  41  (-13.0  °C)  and 
ethynyl-Cy5.25 34 (-9.2 °C). 
 
Oligonucleotide labelled with:  
Tm 
[°C] 
ΔTm 
[°C] 
Unmodified 
CGCTTCTGTATCTATATTCATC 
57.19 ± 0.06  - 
Ethynyl-Cy5 28  49.76 ± 0.07  -7.4 
N-pentynyl-Cy5 31  54.57 ± 0.06  -2.7 
Ethynyl-Cy5.25 34  48.01 ± 0.04  -9.2 
N-pentynyl-Cy5.5 35  50.20 ± 0.06  -7.0 
Phenyl-ethynyl-Cy5.25 37  52.03 ± 0.03  -5.2 
Ethynyl-Cy3 41  44.18 ± 0.41  -13.0 
N-pentynyl-Cy3 43  54.39 ± 0.05  -2.8 
Ethynyl-Cy3.25 47  53.29 ± 0.05  -3.9 
N-pentynyl-Cy3.5 48  51.18 ± 0.20  -6.0 
Ethynyl-Cy3B LH  52.89 ± 0.04  -4.3 
 
Table 4.2. UV melting of the oligonucleotides labelled with CyDyes with 5 base pair separation between 
dyes. Tm – Melting temperature; ΔTm – difference in melting temperature of the oligonucleotide with two 
additions of the CyDyes (5 bp) and unmodified sequence. Standard deviation was calculated from 3 repeats. 
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4.1.4. Comparison Between Click-Labelled HyBeacons and HyBeacons Labelled with 
Cyanine Dye NHS-Esters  
 
HyBeacons labelled with alkyne-cyanine dyes using click chemistry were compared with 
the HyBeacons labelled with commercially available Cy-dye NHS-esters (Figure 4.13.-
4.17.).
12  This  comparison showed that in most cases,  click-labelled HyBeacons  exhibit 
sharper melting curves than HyBeacons labelled by a standard amide coupling.  
 
The most significant improvement in the shape of the melting curve for 3, 5, and 7 base 
pairs separation was observed for ethynyl-Cy5 28 (Figure 4.13. left), ethynyl-Cy5.25 34 
(Figure 4.14. left), and N-pentynyl-Cy5.5 35 (Figure 4.14. right). The large improvement 
was  also  observed  for  the  HyBeacons  labelled  with  phenyl-ethynyl-Cy5.25  37  (Figure 
4.15. left) for 3 and 7 base pairs separation and with ethynyl-Cy3B 48 (Figure 4.17. right) 
for 5 and 7 base pairs separation. There was no significant difference between melting 
curves of HyBeacons labelled with alkynyl-Cy3 dyes and those ones labelled with Cy3 
NHS-ester (Figure 4.15. right – 4.17. left).     
 
     
 
Figure  4.13.  Comparison  of  the  oligonucleotides  labelled  with  ethynyl-Cy5  28  (left,  solid  line)  and  N-
pentynyl-Cy5 31 (right, solid line) with oligonucleotides labelled with commercially available Cy5 NHS-
ester (dashed line); base pair separation (bp): 3 bp (black), 5 bp (red), 7 bp (blue). 
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Figure 4.14. Comparison of the oligonucleotides labelled with ethynyl-Cy5.25 34 (left, solid line) and N-
pentynyl-Cy5.5 35 (right, solid line) with oligonucleotides labelled with commercially available Cy5 NHS-
ester (dashed line); base pair separation (bp): 3 bp (black), 5 bp (red), 7 bp (blue). 
 
   
Figure 4.15. Comparison of the oligonucleotides labelled with phenyl-ethynyl-Cy5.25 37 (left, solid line) 
and ethynyl-Cy3 41 (right, solid line) with oligonucleotides labelled with commercially available Cy5 NHS-
ester (left, dashed line) and Cy3 NHS-ester (right, dashed line); base pair separation (bp): 3 bp (black), 5 bp 
(red), 7 bp (blue). 
 
   
Figure  4.16.  Comparison  of  the  oligonucleotides  labelled  with  N-pentynyl-Cy3  43  (left,  solid  line)  and 
ethynyl-Cy3.25 47 (right, solid line) with oligonucleotides labelled with commercially available Cy3 NHS-
ester (dashed line); base pair separation (bp): 3 bp (black), 5 bp (red), 7 bp (blue). Chapter 4 – Fluorescent Probes 
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Figure 4.17. Comparison of the oligonucleotides labelled with N-pentynyl-Cy3.5 48 (left, solid line) and 
ethynyl-Cy3B LH (right, solid line) with oligonucleotides labelled with commercially available Cy3 NHS-
ester (dashed line); base pair separation (bp): 3 bp (black), 5 bp (red), 7 bp (blue). 
 
This  comparison  suggests  that  improved  HyBeacon  probes  can  be  obtained  by  the 
introduction of the triazole moiety during click labelling and/or by varying the length of 
the linker between the nucleoside and the dye. Also changes in the structure of the dyes 
have a positive influence on the HyBeacon effect.   
 
 
4.1.5. Analysis of the Emission Intensity of Single and Double Stranded HyBeacons at 
Room Temperature 
 
High  differences  in  the  emission  intensity  were  observed  between  single  and  double 
stranded HyBeacons at room temperature (Table 4.3.). To achieve accurate measurements, 
all sample preparation and emission scans were carried out at 25 °C. Five separate samples 
for each single and double stranded HyBeacon were prepared in order to exclude sample 
preparation errors. The emission scans of both, single and double stranded HyBeacons 
were measured using the absorption maximum of each dye as the excitation wavelength. 
Table 4.3 below shows the average changes in the emission intensity (ΔI) as a percentage 
of a difference between the emission intensity of a single and double stranded samples 
(Equation 4.1.). Standard deviations were calculated from the five consecutive repeats.  
 
Equation 4.1. The difference in the emission intensity between single and double stranded HyBeacons (ΔI), 
where Ids – emission intensity of double stranded and Iss – emission intensity of single stranded HyBeacon. Chapter 4 – Fluorescent Probes 
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Dye  HyBeacon name  ΔI [%]  SD 
Ethynyl-Cy5 28 
HyB-3-EtCy5  43.3  4.0 
HyB-5-EtCy5  88.6  0.9 
HyB-7-EtCy5  84.5  0.7 
N-pentynyl-Cy5 31 
HyB-3-NpCy5  8.2  7.5 
HyB-5-NpCy5  52.6  6.0 
HyB-7-NpCy5  46.2  4.0 
Ethynyl-Cy5.25 34 
HyB-3-EtCy5.25  51.0  7.8 
HyB-5-EtCy5.25  90.1  0.9 
HyB-7- EtCy5.25  83.3  4.1 
N-pentynyl-Cy5.5 35 
HyB-3-NpCy5.5  45.3  8.2 
HyB-5- NpCy5.5  72.6  2.4 
HyB-7- NpCy5.5  83.8  2.1 
Phenyl-ethynyl-Cy5.25 37 
HyB-3-PhCy5.25  79.0  1.6 
HyB-5- PhCy5.25  9.0  6.3 
HyB-7- PhCy5.25  91.9  1.3 
Ethynyl-Cy3 41 
HyB-3-EtCy3  22.3  6.8 
HyB-5- EtCy3  41.2  7.6 
HyB-7- EtCy3  48.0  3.0 
N-pentynyl-Cy3 43 
HyB-3-NpCy3  -27.2  3.4 
HyB-5- NpCy3  -7.6  5.9 
HyB-7- NpCy3  2.0  10.2 
Ethynyl-Cy3.25 47 
HyB-3-EtCy3.25  -24.5  12.2 
HyB-5- EtCy3.25  38.9  1.1 
HyB-7- EtCy3.25  42.4  4.6 
N-pentynyl-Cy3.5 48 
HyB-3-NpCy3.5  8.0  19.2 
HyB-5- NpCy3.5  38.2  8.0 
HyB-7- NpCy3.5  40.4  3.5 
Ethynyl-Cy3B LH 
HyB-3-EtCy3B  33.0  2.8 
HyB-5- EtCy3B  65.3  0.9 
HyB-7- EtCy3B  76.9  2.3 
Table 4.3. Changes in the emission intensities between single and double stranded HyBeacons. Data were 
collected at room temperature for all alkyne-dyes and base pairs separations. The values of the difference in 
the  emission  intensity  are  the  average  of  5  separate  measurements.  The  highest  changes  in  emission 
intensities are highlighted in bold. ΔI – Change in the emission intensity; SD – Standard deviation. Chapter 4 – Fluorescent Probes 
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The most efficient quenching was observed for the ethynyl-Cy5 28 (85-90 % for 5 and 7 
base pairs separation), ethynyl-Cy5.25 34 (83-90 % for 5 and 7 bp), N-pentynyl-Cy5.5 35 
(72-84 % for 5 and 7 bp), phenyl-ethynyl-Cy5.25 37 (79-92 % for 3 and 7 bp), and for 
ethynyl-Cy3B LH (65-77 % for 5 and 7 bp). Similar to the melting curves, the largest 
changes in emission intensity were observed for Cy5 derivatives and Cy3B. It was also 
noticed that the highest quenching efficiencies at room temperature were for the ethynyl-
dyes.  This  suggests that the position of the triazole moiety plays  an important  role in 
fluorescence properties of HyBeacons labelled with cyanine dyes. 
 
The changes in the emission intensities between single and double stranded HyBeacons 
labelled  with  Cy3-derivatives  were  in  all  cases  less  than  50  %.  Interestingly,  the 
fluorescence intensity of the single stranded HyBeacons labelled with N-pentynyl-Cy3 43 
(3 and 5 bp) and ethynyl-Cy3.25 47 (3 bp) was higher than the double stranded forms. 
Similar effects  for Cy3 labelled to  a single stranded DNA  at  the 5′-terminus  and also 
internally were reported in the literature by Sanborn et al.
166 They explained that the higher 
fluorescence of Cy3 attached to single stranded DNA is a consequence of the increased 
activation  energy  for  photoisomerisation  due  to  the  interactions  of  Cy3  with  single 
stranded  DNA.  These  interactions  are  disrupted  upon  duplex  formation  and  the 
fluorescence intensity is decreased.    
 
The large differences in emission intensity between single and double stranded HyBeacons 
of some of the pentamethine cyanine dyes can be explained by the dye-dye interactions. 
Free  cyanine  dyes  are  known  to  form  dimers  and  higher  aggregates  in  aqueous 
solution.
111,122 Cyanine dyes have been also found to have a tendency to aggregate in the 
minor groove of DNA.
125,207-209,214 The observed changes in the shape of the absorption 
spectra of the single stranded HyBeacons suggests that the  cyanine dyes in  the single 
stranded form dimers. For example, the absorption and emission spectra of single stranded 
and double stranded oligonucleotides labelled with ethynyl-Cy5 28 are shown in Figure 
4.18. The monomeric state of the cyanine dyes has an absorption spectrum like a double 
stranded HyBeacon (blue, solid line), while upon formation  of a dimer the  absorption 
spectrum changes and appears like that of a single stranded HyBeacon (red, solid line). The 
emission intensity of the single stranded HyBeacon (dashed line, red) is almost zero, while 
that  of  the  double  stranded  HyBeacon  (dashed  line,  blue)  is  significantly  increased. 
Analysis of the absorption spectra of HyBeacons suggests that in the single strand the two Chapter 4 – Fluorescent Probes 
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dyes aggregate to form a dimer. Formation of the duplex pulls the dyes apart and the 
absorption spectrum then resembles that of the monomeric free dye.  
 
 
Figure  4.18.  Absorption  (solid)  and  emission  (dashed)  spectra  of  the  single  stranded  (red)  and  double 
stranded (blue) HyBeacon labelled with ethynyl-Cy5 28 (5 base pair separation). Excitation wavelength: λex 
= 658 nm.   
 
 
The two main types of aggregates are H and J-aggregates, which are discussed in Chapter 
1 (Section 1.6.3.). The tendency of cyanine dyes to aggregate on a DNA template is widely 
reported in the literature.
124-126,166,214,215 The observed hypsochromic shift of the absorption 
spectrum of the single stranded HyBeacons suggests that in single stranded DNA the dyes 
form H-type aggregates. The very low fluorescence intensity of single stranded HyBeacons 
is a result of the excited state splitting into levels with higher and lower energy (Chapter 1, 
Figure  1.33.).
123  As  described  previously,  the  electronic  transitions  for  the  H-type 
aggregates to the upper state are allowed. The dimer can undergo non-radiative relaxation 
to the lower excited state, but the fluorescence from this state is optically forbidden and 
therefore a loss of fluorescence is observed.
126 
 
The change in the emission intensity between single and double stranded oligonucleotides 
labelled with commercially available NHS-esters of dyes is in most cases only 40-50 % 
(Figure 4.19.). A HyBeacon labelled by click chemistry with ethynyl-Cy5 28 (red) was Chapter 4 – Fluorescent Probes 
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compared with HyBeacons labelled with commercially available fluorescein (black), Cy3 
(green), and Cy5 (blue) NHS-esters.   
 
 
 
Figure 4.19. The emission intensity of single and double stranded HyBeacons labelled with ethynyl-Cy5 
(red) using click chemistry compared with HyBeacons labelled with commercially available dye NHS esters. 
The examples chosen for comparison all have the same sequence and dye-separation and are labelled with 
FAM NHS-ester (fluorescein) (black), Cy3 NHS-ester (green), and Cy5 NHS-ester (red).   
 
 
The  large  differences  in  fluorescence  emission  intensity  between  single  and  double 
stranded HyBeacons labelled by click chemistry shows the importance of the length and 
position of the linker used to attach fluorescent dyes to oligonucleotides. The structure of 
the dye also plays an important role.  
 
The very good quenching properties observed for the HyBeacons labelled with alkyne-
derivatives  of  Cy-dyes  suggest  that  the  probes  could  be  useful  in  cases  when  low 
background emission at room temperature is important. In particular, the probes could be 
used in methods such as FISH (fluorescence in situ hybridisation), microarrays, and in vivo 
fluorescence imaging. Chapter 4 – Fluorescent Probes 
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4.3. RNA HyBeacon Probes 
 
4.3.1. Introduction 
 
The large difference in emission intensity between single and double stranded HyBeacons 
labelled  with  alkyne-derivatives  of  cyanine  dyes  suggested  that  the  probes  could  have 
potential for studies in cell culture and possibly even in vivo. When we carried out this 
work RNA HyBeacon probes were not described in the literature, therefore we decided to 
design RNA probes for cell studies.  
 
The probes were designed to target microRNA-155 (miR-155) in human fibroblasts. This 
was based on the work carried out at Southampton General hospital by Dr. Sylvia Pender. 
MicroRNAs  are  short  (approximately  23  nucleotides  long)
216  RNA  molecules  which 
participate in gene silencing and regulation by binding to complementary sequences in the 
3′  untranslated  regions  (3′  UTR)  of  target  mRNA  transcripts.
217  MicroRNAs  play  an 
important role in various physiological and pathological processes, like cell proliferation, 
differentiation, stress responses, and apoptosis.
218 Deregulation of the expression of some 
miRNAs is involved in cancer development.
218 Certain types of cancers have already been 
connected to specific miRNA being overexpressed or deregulated, for example prostate 
cancer  (miR-141),
219,220  ovarian  cancer  (8  different  miR-RNAs  including  miRNA-
155),
221,222 colorectal cancer (miR-92),
223 and others.
218  
 
The target microRNA in this study, miR-155, plays an important role in immune responses 
to infections; it is overexpressed in B and T lymphocytes, macrophages, leukocytes, and 
dendritic  cells  after  exposure  to  inflammatory  mediators.
224-226  It  is  also  involved  in 
inflammatory  bowel  disease  and  irritable  bowel  syndrome,
227,228  and  could  lead  to 
development of cancer.
229  
 
The chosen cells for targeting miR-155 were cultured primary fibroblasts cells from the 
colon.  Fibroblasts  are  present  in  the  lamina  propria;  they  produce  and  degrade  the 
extracellular matrix, and also take part in the healing processes.   
 
RNA HyBeacon probes were synthesised to target miR-155 in fibroblasts (Table 4.4.). The 
sequence  of  the  mature  hsa-miR-155  was  obtained  from  the  microRNA  database Chapter 4 – Fluorescent Probes 
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miRBase.
230 The probes were modified with the 2′-O-methyl group (2′-OMe) for improved 
in  vivo  stability  (nuclease  resistance).  The  2′-OMe  modifications  not  only  prevent 
enzymatic degradation, but also improve the target specificity and hybridisation kinetics of 
probes.
231,232 
 
Two alkyne-functionalised cyanine dyes, which exhibited good quenching properties in 
single stranded DNA HyBeacon probes were chosen for the studies, these were ethynyl-
Cy5 28 and ethynyl-Cy3B LH (Figure 4.2.). All sequences (Table 8.2.), mass spectrometry 
(Table 8.5.), HPLC traces (Figure 8.12. and 8.13.), and CE (Figure 8.14.) of the RNA 
HyBeacon probes are presented in the Appendix (Chapter 8). 
 
HyBeacon name  HyBeacon sequence  Spacing 
miR-155  5′-UUAAUGCUAAUCGUGAUAGGGGU-3′   - 
RNAHyB-5-Dye  5′-CCUAXCACGAXUAGCAUUAA-3′  5 bp 
RNAHyB-5/5-Dye  5′-CCUAXCACGAXUAGCAXUAA-3′    5/5 bp 
RNAHyB-7-Dye  5′-CCXAUCACGAXUAGCAUUAA-3′  7 bp 
RNAHyB-7/6-Dye  5′-CCXAUCACGAXUAGCAUXAA-3′  7/6 bp 
 
Table 4.4. Sequences of the RNA HyBeacon probes. X – 2′-azidoethyl-rT (the labelling position for Cy-
dyes); bp – base pairs separation (spacing between the two X residues); C – 2′-OMe-C; U – 2′-OMe-U; A – 
2′-OMe-A; G – 2′-OMe-G. 
 
 
Cyanine dyes have previously been used in fluorescent probes for RNA and microRNA 
detections in cells. The probes that have been used include molecular beacons,
60 PNA 
Beacons
97,233,234,  bimolecular  beacons,
98  and  dual  FRET  molecular  beacons  for  mRNA 
detection.
9 RNA HyBeacon probes have not been described previously. A major concern 
was the difference between the conformation of DNA and RNA, especially the width and 
depth of the minor groove. This might influence the fluorescence properties of the probes, 
particularly as RNA has a very shallow minor groove. 
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4.3.2. Fluorescent Melting Studies of RNA HyBeacon Probes 
 
The  double  and  triple  labelled  RNA  HyBeacon  probes  were  initially  tested  against  a 
synthetic miR-155 target (synthetic oligoribonucleotide). The fluorescence melting studies 
on  RNA  HyBeacons  show  in  some  cases  sharper  melting  curves  relative  to  DNA 
HyBeacons (Figure 4.20.-4.23.). The melting derivatives of RNA HyBeacons labelled with 
ethynyl-Cy5 28 exhibited much sharper peaks for 2 additions of the dye (Figure 4.20.) than 
for 3 additions (Figure 4.21.). The melting derivatives of the RNA HyBeacons labelled 
with ethynyl-Cy3B LH had similar sharpness for both 2 and 3 additions of the dye (Figure 
4.22. and 4.23.). In addition, 5 base pair separation gave better melting curves than 7 base 
pair separation for both ethynyl-Cy5 28 (Figure 4.20. red) and ethynyl-Cy3B LH (Figure 
4.22.  red).  The  RNA  HyBeacons  have  high  melting  temperatures  due  to  the  2′-O-Me 
modifications,
235  also  RNA  duplexes  are  more  stable  than  RNA:DNA  hybrids,  so  the 
higher melting temperature was anticipated.
236,237  
 
   
 
Figure 4.20. Fluorescence melting curves (left) and melting derivatives (right) of RNA HyBeacons labelled 
with two additions of ethynyl-Cy5 28. Melting curves are for double stranded (thick) and single stranded 
(thin) RNA HyBeacons with 5 base pairs (red) and 7 base pairs separation (blue) between dyes. λex = 655 nm 
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Figure 4.21. Fluorescence melting curves (left) and melting derivatives (right) of RNA HyBeacons labelled 
with three additions of ethynyl-Cy5 28. Melting curves are for double stranded (thick) and single stranded 
(thin) RNA HyBeacons with 5/5 base pairs (red) and 7/6 base pairs separation (blue) between dyes. λex = 655 
nm 
 
Figure 4.22. Fluorescence melting curves (left) and melting derivatives (right) of RNA HyBeacons labelled 
with two additions of ethynyl-Cy3B LH. Melting curves are for double stranded (thick) and single stranded 
(thin) RNA HyBeacons with 5 base pairs (red) and 7 base pairs separation (blue) between dyes. λex = 565 nm 
 
Figure 4.23. Fluorescence melting curves (left) and melting derivatives (right) of RNA HyBeacons labelled 
with two additions of ethynyl-Cy3B 28. Melting curves are for double stranded (thick) and single stranded 
(thin) RNA HyBeacons with 5/5 base pairs (red) and 7/6 base pairs separation (blue) between dyes. λex = 565 
nm Chapter 4 – Fluorescent Probes 
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4.3.3.  Analysis  of  the  Emission  Intensity  of  RNA  HyBeacon  Probes  at  Room 
Temperature 
 
The emission intensity  of  RNA HyBeacon probes was  measured at  room  temperature. 
Large  differences  in  the  emission  intensity  between  single  and  double  stranded  RNA 
HyBeacons were observed (Table 4.5.). The results were encouraging as the quenching 
efficiencies were in some cases higher than those observed for DNA HyBeacon probes 
(Table 4.3.). For example, the changes of the emission intensity between single and double 
stranded RNA HyBeacons labelled with ethynyl-Cy5 28 were 95 % (2 additions, 5 bp) and 
94 % (2 addition, 7 bp) as oppose to 89 %  (2 addition, 5 bp) and 85 % (2 addition, 7bp) 
for the DNA HyBeacons. For the RNA HyBeacons labelled with ethynyl-Cy3B LH the 
percentage change was 74 % (2 additions, 5 bp) and 71 % as oppose to 65 % (2 additions, 
5  bp).  The  separation  of  7  bp  gave  a  slightly  lower  quenching  efficiency  than  DNA 
HyBeacon but  the addition  of three ethynyl-Cy3B  LH dyes  gave 84  % change in  the 
emission  intensity.  The  signal-to-background  ratio  was  also  calculated.  The  RNA 
HyBeacons  labelled  with  ethynyl-Cy5  28  exhibited  significantly  better  signal-to-
background due to single stranded form being almost non-fluorescent.  Due to its rigid 
structure Cy3B is much more fluorescent than standard cyanine dyes, therefore despite 70-
80 % change in the emission intensity, the single strand is still quite fluorescent. 
 
Dye  HyBeacon name  n  bp  ΔI [%]  SD  s/b 
Ethynyl-Cy5 
28 
RNAHyB-5-EtCy5  2  5  95.3  0.46  24:1 
RNAHyB-5/5- EtCy5  3  5 / 5  93.0  1.73  16:1 
RNAHyB-7- EtCy5  2  7  93.7  0.58  17:1 
RNAHyB-7/6- EtCy5  3  7 / 6  87.0  0.89  8:1 
Ethynyl-
Cy3B LH 
RNAHyB-5- EtCy3B  2  5  74.1  0.93  4:1 
RNAHyB-5/5- EtCy3B  3  5 / 5  86.0  0.15  7:1 
RNAHyB-7- EtCy3B  2  7  70.6  1.87  3:1 
RNAHyB-7/6- EtCy3B  3  7 / 6  83.7  0.17  6:1 
Table 4.5. The change in emission intensity of single stranded and double stranded RNA HyBeacons. n – a 
number of dyes in the probe; bp – base pair separation between fluorophores; ΔI – average change in the 
emission intensity between single and double stranded HyBeacons (calculated from 3 repeats); SD – standard 
deviation; s/b – signal-to-background ratio. Amax = 660 nm λex = 655 nm, λem = 680 nm (for ethynyl-Cy5 
labelled HyBeacons); Amax = 570 nm, λex = 565 nm, λem = 589 nm (for ethynyl-Cy3B labelled HyBeacons).  Chapter 4 – Fluorescent Probes 
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The absorption spectra of single and double stranded RNA HyBeacons were compared. 
Similar changes in the shape of the absorption spectra between single and double stranded 
RNA HyBeacons were observed as for the DNA HyBeacons. This suggests that similar to 
DNA  HyBeacons,  the  low  emission  intensity  observed  for  the  single  stranded  RNA 
HyBeacons is due to aggregation of dyes in the single strand. 
   
 
 
Figure 4.24. The normalised absorption spectra of single stranded (red) and double stranded (blue) RNA 
HyBeacons labelled with two additions of ethynyl-Cy5 28 (5 base pairs separation).  
 
 
4.3.4. Cell Studies 
 
RNA HyBeacon probes were tested in cell labelling experiments. Initially it was expected 
that due to high hydrophobicity the RNA HyBeacon probes will enter the cells without the 
use  of  electroporation,  microinjection  or  transfection.  Cells  were  incubated  with  RNA 
HyBeacon probes using different concentrations of probes and times of incubation. Cells 
were observed using confocal microscopy. Initial experiments did not show any evidence 
that  the  probes  entered  the  cells,  therefore  it  was  decided  to  use  different  delivery 
techniques. Due to technical difficulties, the SP5 confocal microscope could not be used; 
therefore the experiments were carried out on an SP2 confocal microscope. Unfortunately Chapter 4 – Fluorescent Probes 
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the  SP2  was  not  suitable  for  the  visualisation  of  Cy5-labelled  cells,  therefore  RNA 
HyBeacons labelled only with ethynyl-Cy3B were tested.  
 
It was decided to use transfection reagents for RNA HyBeacons delivery into cells. Cells 
were  transfected  with  Cy3B  HyBeacon  (
RNAHyB-5-EtCy3B)  using  siPORT  (Applied 
Biosystems)  transfecting  reagent  and  HiPerFect  (Qiagen).  Transfection  reagents  are 
positively  charged  and  lipid-based  reagents,  which  aggregate  with  negatively  charged 
oligonucleotides and the net positive charge on these aggregate increases the effectiveness 
of transfection through the negatively charged phospholipid bilayers of cells. The use of 
the  transfection  reagents  cause  reduced  cellular  stress  than  electroporation  or 
microinjection which could lead to cytotoxicity. 
 
The highest level of fluorescence was observed for the cells transfected with a 30 nM 
concentration  of 
RNAHyB-5-EtCy3B  complexes  with  siPORT  and  HiPerFect  reagents 
(Figure 4.25.). The lower concentrations of the probe did not show good results. 
 
The preliminary experiments using RNA HyBeacons showed that the probes need the help 
of a transfection agent in order to enter the cells. The use of RNA HyBeacons for in vivo 
applications would require the probes to enter the cells without the use of transfection 
agents,  which  are  potentially  toxic,  or  other  delivery  methods  like  microinjection  or 
electroporation. Therefore the RNA HyBeacon probes would need to be modified in a way 
that would make them more cell-permeable.  Chapter 4 – Fluorescent Probes 
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A: Control: cells only     Cy3B probe only 
   
B: siPORT with 30 nM Cy3B 
     
C: HiPerFect with 30 nM Cy3B 
 
Figure 4.25. Images of the  fibroblast labelled  with  Cy3B probe and Cy3B complexes  with transfection 
reagents. The conditions of 30 nM concentration of Cy3B with siPORT and HiPerfect transfection reagents 
were found the best for the RNA HyBeacons delivery to cells. 
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4.2.2. SERS Probes 
 
Oligonucleotides were designed to probe the structure of the electrical double layer (EDL) 
at a gold electrode surface in contact with a salt-containing solution. 
 
An electrical double layer forms at an electrode-solution interface in response to a charge 
at the electrode surface. Ions from solution diffuse towards the electrode surface to balance 
the charge. At high salt concentrations, this means that charge from the electrode surface is 
compensated over a short distance and the strength of the electric field emanating from the 
surface  drops  over  a  short  distance.  At  low  salt  concentrations,  the  charge  from  the 
electrode surface is compensated over a longer distance and thus the strength of the electric 
field emanating from the surface drops over a longer distance.     
 
In the proposed experiment, the structure of the EDL is to be probed by using the Stark 
effect and Surface Enhanced Raman Spectroscopy (SERS). The Stark effect is observed as 
a shift in the position of the peaks in the SERS spectra under the influence of an external 
electric field.  The occurrence of the Stark shift  has  previously been used to  study the 
electric fields in membranes, proteins, and nucleic acids.
238,239 The SERS experiment will 
be  carried  out  by  Dr  Robert  Johnson  (electrochemistry  section,  School  of  Chemistry, 
University of Southampton).  
 
For the purpose of these studies the nitrile-modified cyanine dye, ethynyl-N-butyronitrile-
Cy3 52 (Figure 4.26.) was synthesised and incorporated into oligonucleotides using click 
chemistry. The nitrile group is particularly useful in studying the Stark effect due to its 
large dipole moment.
240,241 
 
 
 
Figure 4.26. Structure of the ethynyl-N-butyronitrile-Cy3 52 synthesised for the SERS studies. 
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The  aim  of  this  experiment  is  to  collect  SERS  data  that  shows  a  change  in  the  peak 
position (wavenumber) of the nitrile group as a function of ionic strength, applied potential 
and dye position in relation to the gold surface (Figure 4.27.). The electric field strength 
will be measured by detecting changes of the nitrile peak position as a function of potential 
at the surface. It is expected that this experiment will help in the understanding of the 
double layer structure at an electrode-solution interface under different conditions. 
 
 
Figure 4.27. Schematic representation of the SERS experiment. The figure shows target oligonucleotide 
attached via HEG to three disulfides, which are attached to the gold surface and the probe labelled with Cy3-
nitrile hybridised to the target. 
 
 
To  measure  the  distances  between  the  surface  and  the  nitrile  group,  ethynyl-N-
butyronitrile-Cy3 52 was incorporated at four different positions in the oligonucleotides 
strand (Table 4.6.). The target strand was designed for the attachment to the gold surface 
and it possesses three disulphide residues at the 5′-end followed by a -hexaethylene glycol 
(HEG) linker (Figure 4.27.).  
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Oligonucleotide 
name 
Oligonucleotide sequence 
SERS Target  5556AACACAAAGAAACACAA 
Oligo-SERS-1  TTGTGTTTCTTTGTGTX3 
Oligo-SERS-2  TTGTGTTTCTTTGTGXT3 
Oligo-SERS-3  TTGTGTTTCTTTGXGTT3 
Oligo-SERS-4  TTGTGTTTCTTXGTGTT3 
 
Table  4.6.  Sequences  of  the  SERS  Probes.  X  –  2′-azidoethyl-rT  (the  labelling  position  for  ethynyl-N-
butyronitrile-Cy3), 5 – C6-Disulfide, 6 – HEG, 3 – 3′-propanol. 
 
 
4.4. Summary of Fluorescent Probes 
 
Click  chemistry  has  been  successfully  applied  for  the  preparation  of  DNA  and  RNA 
oligonucleotide probes. Studies on click-labelled HyBeacons show that the best way of 
attaching Cy-dyes to the oligonucleotides is through the short linker attached directly to the 
aromatic ring of the dye. The comparison between DNA HyBeacons labelled by click 
chemistry and NHS-esters shows that click-labelled oligonucleotides possess significantly 
improved  HyBeacon  characteristics.  The  observed  large  differences  in  the  emission 
intensity between single and double stranded DNA HyBeacons suggested that the probes 
could be very useful in methods where very low background fluorescence is required.  
 
Following the studies on DNA HyBeacons, RNA HyBeacons have been synthesised for 
the first time, and the probes were tested in fibroblast cells. Preliminary results showed that 
the  probes  could  have  potential  in  bioimaging,  but  additional  studies  are  required  to 
improve the delivery of HyBeacons into cells.  
  
Additionally, oligonucleotide probes labelled with nitrile-modified Cy3 were synthesised 
for the SERS studies which will be carried on in collaboration with Robert Johnston.  
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5. Conclusions and Future Work 
 
A wide variety of modified cyanine dyes derivatives was successfully synthesised. The 
synthetic procedure was optimised based on different approaches reported in the literature. 
Initially various Cy-dye NHS-esters  were synthesised for the  conventional  labelling of 
oligonucleotides by amide bond formation. The focus was then changed to the synthesis of 
alkyne-modified  cyanine  dyes  for  oligonucleotide  labelling  by  click  chemistry.  The 
structures of the alkyne-dyes were designed to provide various absorption and emission 
wavelengths and to locate the terminal alkyne group in different positions on the dye. The 
ethynyl-Cy-dyes have an alkyne directly on the aromatic ring of the dye, while the N-
pentynyl-Cy-dyes have an alkyne attached through a longer linker.  
 
Our previous studies and also literature reports suggest that nucleic acid probes labelled 
with cyanine dyes exhibit better fluorescence characteristics when dyes are located in the 
minor groove of the DNA than in the major groove. For that purpose 2′-mesyloxyethyl 
ribothymidine  monomer  was  incorporated  into  oligonucleotides.  The  equivalent  azide-
modified phosphoramidite monomer could not be used due to incompatibility of the azide 
group with the P(III) (Staudinger reaction). In contrast, the mesyl group is fully compatible 
with the conditions of phosphoramidite oligonucleotide synthesis. This approach allows for 
the incorporation of the monomer at any position in oligonucleotides. The conditions of the 
post-synthetic  conversion  of  the  mesyl  group  to  azide  were  optimised,  and  the  azide-
modified oligonucleotides were obtained with almost 100 % efficiency. The conditions for 
the  labelling  reaction  with  alkyne-modified  cyanine  dyes  were  based  on  the  copper-
catalysed  1,3,-dipolar  cycloaddition  reaction  between  azides  and  terminal  alkynes, 
(CuAAC  reaction,    click  chemistry).  The  labelling  reaction  was  carried  out  on  the 
oligonucleotide  synthesis  resin  to  provide  an  easy  way  of  removing  excess  of  dye  by 
simply  washing the  resin with  organic solvents. The method was  also  suitable for the 
solution-phase  synthesis  of  dye-labelled  oligonucleotides.  This  is  important  for  the 
attachment  of  dyes  which  are  unstable  to  oligonucleotide  deprotection  conditions.  The 
efficiency of oligonucleotides labelling varied between the dyes and was dependent on the 
structure of the dye and base pair separation between the dyes.  
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This method of labelling was applied to the synthesis of series of HyBeacon probes. Ten 
different cyanine dyes (five of alkyne-Cy5, four alkyne-Cy3 and an alkyne-Cy3B dyes) 
were  chosen  for  the  studies.  The  fluorescent  properties  of  HyBeacons  labelled  with 
cyanine dyes were investigated. The best fluorescent properties were obtained by attaching 
Cy-dyes to oligonucleotides through an ethynyl group attached directly to the aromatic ring 
of the dye. These gave significantly better fluorescent melting curves than N-pentynyl-
dyes. The base pair separation also had an influence on the properties of HyBeacons. The 
best results were observed for either 5 or 7, but never for 3 base pair separation. 
 
The  click-labelled  HyBeacons  were  compared  with  the  HyBeacons  labelled  with 
commercially  available  NHS-esters  of  cyanine  dyes.  The  results  showed  that  probes 
labelled  by  click  chemistry  with  alkyne-modified  cyanine  dyes  possess  significantly 
improved HyBeacon characteristics.  
 
Large changes in fluorescence emission intensity were observed between single and double 
stranded HyBeacons,  in some cases  80-90 %. The greatest  changes  were observed for 
ethynyl-Cy5 dyes and ethynyl-Cy3B. The equivalent oligonucleotide probes labelled with 
commercially available Cy5 NHS-ester exhibited only about 45-50 % difference in the 
emission intensity between single and double stranded forms at room temperature. This 
was also the case for other commonly used dyes, like FAM and Cy3 NHS-esters. After 
analysis of the absorption spectra of single and double stranded HyBeacons labelled with 
alkyne-cyanine dyes it was concluded that the reason for the major differences in emission 
intensity is that two cyanine dyes in a single strand aggregate to form a dimer. A more 
detailed analysis suggested that the dyes are forming  H-type aggregates. Non-radiative 
relaxation  to  the  lower  excited  state  occurs  and  fluorescence  emission  is  optically 
forbidden. This is the reason for the very low fluorescence intensity of single stranded 
HyBeacons. Upon duplex formation, the dyes are pulled apart by the rigid duplex, and an 
increase in fluorescence is observed.  
 
The large difference in the emission intensity between single and double stranded DNA 
HyBeacons suggested that the probes could be very useful for  in vivo imaging. It was 
decided to synthesise RNA probes labelled with alkyne-derivatives of cyanine dyes. RNA 
HyBeacons were not previously described in the literature, therefore it was interesting to 
see if the fluorescent properties of RNA HyBeacons are similar to those observed for DNA Chapter 5 – Conclusions and Future Work 
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HyBeacons. The results showed that in some cases the differences in emission intensities 
were even higher for RNA than DNA HyBeacons. The results were very encouraging and 
preliminary  studies  were  undertaken  in  cells.  It  was  expected  that  due  to  the 
hydrophobicity of RNA HyBeacons, the probes will enter the cells without the use of 
additional  delivery  vectors  like  transfection  agents,  microinjection  or  electroporation. 
Unfortunately, the probes could enter the cells unless transfection agents were used.  
 
In the future modifications to RNA HyBeacon probes could be introduced to make them 
more cells permeable. This might be achieved by conjugation to cell penetrating peptides, 
like penetratin or transportan, which have been shown to improve cell uptake. 
 
Future work could  also  include the synthesis  of a mesyl-modified monomer for major 
groove click labelling. 
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6. Experimental 
 
6.1. General Methods 
 
The reagents were purchased from Aldrich, Fluka, Alfa Aesar or Apollo and used without 
purification. The following solvents were purified by distillation: DCM, Et3N, DIPEA, 
pyridine (over calcium hydride), and THF (over sodium wire/benzophenone).  
 
Thin layer chromatography (TLC) was performed using Merck Kieselgel 60 F24 silica gel 
plates, 0.22 mm thickness, aluminium backed. The compounds were visualised under UV 
irradiation (254 and 365 nm) and additionally stained with the following solutions: 
Ninhydrin (for amino acids, primary and secondary amines, and amides): Ninhydrin/95 % 
ethanol (1 g/100 mL). 
Marys  Reagent  (for  carboxylic  acids):  4,4′-bis-dimethylamino  benzhydrol/acetone  (0.4 
g/100 mL). 
Iodine on silica (for unsaturated compounds, aromatic and other compounds sensitive to 
iodine): iodine/Silica Gel (few crystals/1 cm deep). 
Cerium sulphate (for oxidisable groups): cerium (II) sulphate hydrate/15 % sulphuric acid 
(8 g/100 mL). 
Anisaldehyde (for alcohols, sugars, amines): p-anisaldehyde (11.5 mL)/glacial acetic acid 
(4.75 mL)/conc. sulphuric acid (15.65 mL)/95 % ethanol (422.5 mL).  
 
Column chromatography was carried out under pressure (air/argon) using Fisher Scientific 
DAVISIL 60Å (35-70 micron) silica. 
 
1H NMR spectra were measured at 300MHz on a Bruker AC300 spectrometer or at 400 
MHz on a Bruker DPX400 spectrometer. 
13C NMR spectra were measured at 75 MHz on a 
Bruker AC300 spectrometer or at 100 MHz on a Bruker DPX400 spectrometer. 
31P NMR 
spectra were measured at 121 MHz on a Bruker AC300 spectrometer. Chemical shifts are 
given in ppm, relative to tetramethylsilane. J coupling values are quoted in Hz. 
1H and 
13C 
assignments were supported by DEPT-135, 
1H-
1H COSY, HMQC, HMBC experiments. 
Spectra  were  reprocessed  using  ACDlab  program  and  internally  referenced  to  the 
appropriate residual undeuterated solvent signal.
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Low-resolution mass spectra were recorded using electrospray ionisation (ESI+ or ESI-) on 
a  Fisons  VG  platform  instrument  or  a  Waters  ZMD  quadrupole  mass  spectrometer  in 
HPLC grade acetonitrile or methanol. High-resolution mass spectra were recorded using 
electrospray ionisation on a Bruker APEX III FT_ICR mass spectrometer. 
 
 
6.2. Synthesis 
 
General synthetic procedure of Cyanine Dye synthesis was combined from the following 
literature sources: 
a)  Synthesis of indoles was based on standard Fischer indole synthesis
147,149,151 
b)  Synthesis of indolium salts
140-142 
c)  Synthesis of Cy3 hemicyanines
144 
d)  Synthesis of Cy3 derivatives (coupling step)
145 
e)  Synthesis of Cy5 derivatives (coupling step)
142 
f)  Sonogashira reaction was based on Hobbs modified procedure
243 
g)  Deprotection of the silyl protecting group
163 
 
 
6.2.1. Synthesis of Indolium Salts and Polymethine Linkers 
 
6.2.1.1. Synthesis of 2,3,3-Trimethyl-3H-indole (2,3,3-Trimethylindolenine) (1)
146 
 
 
Phenylhydrazine hydrochloride (0.50 g, 3.46 mmol, 1 eq) was suspended in solution of 
ethanol (12.6 mL) and 98 % sulphuric acid (0.1 mL), then 3-methyl-2-butanone (0.41 mL, 
3.81 mmol, 1.1 eq) was added and the reaction was heated at reflux for 6 hours. The 
reaction mixture was cooled to room temperature and filtered to remove the salt, which 
precipitated during the reaction. The filtrate was diluted with DCM and washed three times 
with saturated sodium bicarbonate. The organic layer was separated, dried over magnesium 
sulphate,  filtered  and  the  solvent  was  removed  in  vacuo.  The  residue  was  purified  by Chapter 6 - Experimental 
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column chromatography (1 % MeOH in DCM) to afford the product 1 with 69 % yield 
(0.38 g, 2.39 mmol). Mw = 159.23 g/mol (C11H13N).  
 
Rf:     0.31 [DCM/MeOH = 95:5 v/v] 
 
1H NMR   (300 MHz, CDCl3) δ 7.53 (1 H, d, J = 7.7 Hz, H-4/H-7) 7.32 - 7.24 (2 H, m, 
H-5, H-6) 7.22 - 7.14 (1 H, m, H-4/H-7) 2.27 (3 H, s, 2-CH3) 1.29 (6 H, s, 3-
CH3 ×2) ppm. 
 
13C NMR   (75 MHz, CDCl3) δ 188.1 (C-2), 153.8, 145.8 (C-3a, C-7a), 127.7, 125.2, 
121.4, 120.0 (C-4, C-5, C-6, C-7), 53.7 (C-3), 23.2 (2 C, 3-CH3 ×2) 15.5 (2-
CH3) ppm. 
 
Data consistent with literature
146 
 
 
6.2.1.2. Synthesis of 1,2,3,3-Tetramethyl-3H-indolium Iodide (2)
141 
 
 
2,3,3-Trimethylindolenine  1  (1.0  g,  1.01  mL,  6.28  mmol,  1  eq)  was  dissolved  in 
acetonitrile (5 mL) and then methyl iodide (0.43 mL, 6.91 mmol, 1.1 eq) was added. The 
reaction mixture was heated at reflux for 7 hours. The reaction mixture was cooled to room 
temperature and the precipitate was filtered off, washed with diethyl ether, and dried in 
vacuo over potassium hydroxide. Product 2 was obtained as pink crystals with 93 % yield 
(1.76 g, 5.84 mmol). Mw = 301.17 g/mol (C12H16IN). 
 
Rf:    0.55 [DCM/MeOH 95:5 v/v] 
 
1H NMR   (300 MHz, DMSO) δ 7.96 - 7.89 (1 H, m, H-4/H-7), 7.87 - 7.79 (1 H, m, H-
4/H-7), 7.68 - 7.57 (2 H, m, H-5, H-6), 3.98 (3 H, s, N-CH3), 2.78 (3 H, s, 2-
CH3), 1.53 (6 H, s, 3-CH3 ×2) ppm. Chapter 6 - Experimental 
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13C NMR   (75 MHz, DMSO) δ 196.0 (C-2), 142.1, 141.6 (C-3a, C-7a), 129.3, 128.8 
(C-5, C-6), 123.3 (C-4), 115.1 (C-7), 53.9 (C-3), 34.7 (N-CH3), 21.7 (2 C, 3-CH3 ×2), 14.2 
(2-CH3) ppm. 
 
LRMS   [ESI+,  MeOH]  calculated  mass:  174.13  for  C12H16N
+ [M-I]
+;  found  m/z: 
174.2 (100 %), 175.2 (13.4 %). 
 
Data consistent with literature
141 
 
 
6.2.1.3. Synthesis of 1-(5-Carboxypentyl)-2,3,3-trimethyl-3H-indolium Bromide (3)
142 
  
 
6-Bromohexanoic acid (7.35 g, 37.68 mmol, 2 eq) was added to a solution of the 2,3,3-
trimethyl-3H-indole 1 (3.0 g, 18.84 mmol, 1 eq) in nitromethane (15 mL) and the reaction 
mixture  was  stirred  at  80  °C  for  24  hours.  The  reaction  mixture  was  cooled  to  room 
temperature and triturated with diethyl ether. The precipitate was filtered off, washed with 
diethyl ether and dried in vacuo. The product 3 was obtained with 65 % yield (4.35 g, 
12.28 mmol) as a pale-purple powder. Mw = 354.28 g/mol (C17H24BrNO2). 
 
Rf:     0.32 [DCM/MeOH 9:1 v/v] 
 
1H NMR   (300 MHz, DMSO) δ 11.98 (1 H, br. s, COOH), 7.98 (1 H, dd, J = 6.2, 2.9 
Hz, H-7), 7.84 (1 H, dd, J = 5.9, 2.9 Hz, H-4), 7.65 - 7.58 (2 H, m, H-5, H-
6), 4.45 (2 H, t, J = 7.5 Hz, NCH2CH2CH2CH2CH2COOH), 2.84 (3 H, s, 2-
CH3), 2.22 (2 H, t, J = 7.1 Hz, NCH2CH2CH2CH2CH2COOH), 1.91 - 1.77 
(2  H,  m,  NCH2CH2CH2CH2CH2COOH),  1.61  -  1.54  (2  H,  m, 
NCH2CH2CH2CH2CH2COOH), 1.53 (6 H, s, 3-CH3 ×2), 1.69 - 1.37 (2 H, 
m, NCH2CH2CH2CH2CH2COOH) ppm. Chapter 6 - Experimental 
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13C NMR   (75 MHz, DMSO) δ 196.5 (C-2), 174.3 (C=O), 141.9, 141.0 (C-3a, C-7a), 
129.4,  128.9  (C-5,  C-6),  123.5  (C-4),  115.4  (C-7),  54.2  (C-3),  47.4 
(NCH2CH2CH2CH2CH2COOH), 33.4 (NCH2CH2CH2CH2CH2COOH), 26.9 
(NCH2CH2CH2CH2CH2COOH), 25.4 (NCH2CH2CH2CH2CH2COOH), 24.0 
(NCH2CH2CH2CH2CH2COOH), 22.0 (2 C, 3-CH3 ×2), 14.0 (2-CH3) ppm. 
 
LRMS   [ESI+,  MeOH]  calculated  mass:  274.18  for  C17H24NO2
+  [M-Br
-]
+;  found 
m/z: 274.2 (100 %), 275.2 (19.3 %), 276.3 (2.1 %) [M]
+; 296.2 (24.7 %), 
297.3 (4.6 %) [M+Na]
+. 
 
Data consistent with literature
142 
 
 
6.2.1.4. Synthesis of 1-(4-Pentynyl)-2,3,3-trimethyl-3H-indolium Iodide (4) 
 
 
 
Potassium iodide (11.50 g, 69.08 mmol, 2.2 eq) was suspended in acetonitrile (50 mL), 
then 5-chloro-1-pentyne (5.0 mL, 31.40 mmol, 1 eq) was added and the yellow suspension 
was stirred at 50 C. After 10 minutes 2,3,3-trimethylindolenine 1 (5.05 mL, 31.4 mmol, 1 
eq) was  added dropwise and the reaction mixture was  heated at  reflux overnight.  The 
reaction  mixture  was  cooled  to  room  temperature,  the  inorganic  salt  was  filtered  off, 
washed with DCM, and the filtrate evaporated to dryness. The residue was purified by 
column chromatography (0-10 % MeOH in DCM) and the pure product 4 was obtained as 
a purple solid with 58 % yield (6.41 g, 18.15 mmol). Mw = 353.24 g/mol (C16H20IN). 
 
Rf:  0.41 [DCM/MeOH 95:5 v/v] 
 
1H NMR  (400 MHz, MeOD)  7.96 - 7.90, 7.82 - 7.77 (1 H, m, H-4; 1 H, m, H-7), 
7.70  -  7.63  (2  H,  m,  H-5,  H-6),  4.66  (2  H,  dd,  J  =  8.3,  7.0  Hz, Chapter 6 - Experimental 
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NCH2CH2CH2C≡CH), 2.52 - 2.45 (3 H, m, NCH2CH2CH2C≡CH), 2.26 - 
2.16 (2 H, m, NCH2CH2CH2C≡CH), 1.64 (6 H, s, 3-CH3 ×2) ppm. (*2-CH3 
was not visible on the spectrum) 
 
13C NMR  (100 MHz, MeOD)  198.6 (C-2), 143.5, 142.7 (C-3a, C-7a), 131.4, 130.6 
(C-5, C-6), 124.9 (C-4), 116.6 (C-7), 83.3 (C≡CH), 72.1 (C≡CH), 56.2 (C-
3), 49.2 (NCH2CH2CH2C≡CH) 27.7 (NCH2CH2CH2C≡CH), 23.0 (2 C, 3-
CH3 ×2), 16.7 (NCH2CH2CH2C≡CH) ppm. (*2-CH3 was not visible on the 
spectrum) 
 
LRMS   [ESI+, MeOH] calculated mass: 226.16 for C16H20N
+ [M-I]
+; found m/z: 
226.2 (100 %), 227.2 (18.2 %), 228.2 (1.8 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.8 (100 %). 
 
HRMS  [ESI+, MeOH] calculated mass: 226.1590 for C16H20N1 [M-I
-]
+; found m/z: 
226.1590 
 
 
6.2.1.5. Synthesis of 1-(3-Cyanopropyl)-2,3,3-trimethyl-3H-indolium Bromide (5) 
 
 
 
2,3,3-Trimethylindolenine 1 (3.0 g, 18.84 mmol, 1 eq) was dissolved in acetonitrile (15 
mL) then 4-bromobutyronitrile (3.73 mL, 37.68 mmol, 2 eq) added. The reaction mixture 
was heated overnight under reflux. Another 1.6 eq (3.0 mL, 30.31 mmol) of 4-butyronitrile 
was added and the reaction mixture heated at reflux for a total of 48 hours. After cooling to 
room temperature the precipitate was filtered off, washed with diethyl ether, and dried in 
vacuo. Product 5 was obtained with 91 % yield (5.29 g, 17.21 mmol). Mw = 307.23 g/mol 
(C15H19BrN2). 
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Rf:     0.15 [DCM/MeOH 95:5 v/v] 
 
1H NMR   (400 MHz, DMSO)  8.08 - 8.01 (1 H, m, H-7), 7.88 - 7.82 (1 H, m, H-4), 
7.67 - 7.59 (2 H, m, H-5, H-6), 4.55 (2 H, t, J = 7.6 Hz, NCH2CH2CH2CN), 
2.89 (3 H, s, 2-CH3), 2.83 (2 H, t, J = 7.6 Hz, NCH2CH2CH2CN), 2.23 (2 H, 
quin, J = 7.5 Hz, NCH2CH2CH2CN), 1.55 (6 H, s, 3-CH3) ppm. 
 
13C NMR   (100 MHz, DMSO)  197.7 (C-2), 141.8 (C-3a), 141.1 (C-7a), 129.4, 128.9 
(C-5,  C-6),  123.5  (C-4),  119.9  (C≡N),  115.3  (C-7),  54.3  (C-3),  46.5 
(NCH2CH2CH2CN),  23.2  (NCH2CH2CH2CN),  22.0  (2  C,  3-CH3),  14.3 
(NCH2CH2CH2CN), 13.9 (2-CH3) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 227.15 for C15H19N2
+ [M-Br
-]
+; found m/z: 
227.2 (100 %), 228.3 (17.3 %), 229.2 (2.0 %). 
 
HRMS  [ESI+, MeOH] calculated mass: 227.1543 for C15H19N2
+ [M-I
-]
+; found m/z: 
227.1547 
 
 
6.2.1.6.  Synthesis  of  5-Iodo-2,3,3-trimethyl-3H-indole  (5-Iodo-2,3,3-trimethyl-
indolenine)(6)
244 
 
 
4-Iodophenylhydrazine (16.0 g, 68.36 mmol, 1 eq) was suspended in acetic acid (520 mL), 
then 3-methyl-2-butanone (8.06 mL, 75.20 mmol, 1.1 eq) was added and the reaction was 
heated at reflux for 4 hours. The reaction mixture was cooled to room temperature and 
solvent was removed under reduced pressure. The oily residue was dissolved in DCM and 
a large excess of hexane was added. The purple oil with solid impurities precipitated below 
the yellow hexane layer. The hexane layer was decanted off and the solvent was removed 
in vacuo to afford product 6 as a yellow oil with 96 % yield (18.65 g, 65.41 mmol). Mw = 
285.12 g/mol (C11H12IN). 
 Chapter 6 - Experimental 
 
  136 
Rf:     0.71 [DCM/MeOH 95:5 v/v] 
Rf:     0.67 [DCM/EtOAc 1:1 v/v] 
 
1H NMR   (300 MHz, CDCl3) δ 7.31 - 7.24 (2 H, m, H-4, H-6), 6.95 (1 H, d, J = 8.1 
Hz, H-7), 1.92 (3 H, s, 2-CH3), 0.95 (6 H, s, 3-CH3 ×2) ppm. 
 
13C NMR   (75 MHz, CDCl3) δ 188.3 (C-2), 153.4, 148.2 (C-7a, C-3a), 136.7, 130.7, 
121.8 (C-4, C-6, C-7), 89.9 (C-5), 54.0 (C-3), 22.9 (2 C, 3-CH3 ×2), 15.4 (2-
CH3) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 285.0 for C11H12IN [M]
+; found m/z: 286.0 
(100 %), 287.1 (10.2 %) [M+H]
+. 
 
Data consistent with the literature
244 
 
 
6.2.1.7. Synthesis of 5-Iodo-1,2,3,3-tetramethyl-3H-indolium Iodide (7)
145 
 
 
 
5-Iodo-2,3,3-trimethylindolenine  6  (18.65  g,  65.41  mmol,  1  eq)  was  dissolved  in 
acetonitrile (85 mL) then methyl iodide (4.90 mL, 78.49 mmol, 1.2 eq) was added and the 
reaction mixture was heated at reflux for 2 hours. After cooling to room temperature the 
precipitate was filtered off, washed with diethyl ether, and dried in vacuo. Product 7 was 
obtained with 74 % yield (20.59 g, 48.20 mmol) as an orange solid. Mw = 427.06 g/mol 
(C12H15I2N). 
 
Rf:     0.58 [DCM/MeOH 95:5 v/v] 
 
1H NMR   (300 MHz, DMSO) δ 8.29 (1 H, d, J = 1.1 Hz, H-4), 8.00 (1 H, dd, J = 8.4, 
1.5 Hz, H-6), 7.72 (1 H, d, J = 8.4 Hz, H-7), 3.94 (3 H, s, N-CH3), 2.74 (3 
H, s, 2-CH3), 1.52 (6 H, s, 3-CH3 ×2) ppm. Chapter 6 - Experimental 
 
  137 
13C NMR   (75 MHz, DMSO) δ 196.1 (C-2), 143.7, 141.9 (C-3a, C-7a), 137.4, 132.2, 
117.1 (C-4, C-6, C-7), 96.1 (C-5), 54.0 (C-3), 34.8 (N-CH3), 21.4 (2 C, 3-
CH3 ×2), 14.2 (2-CH3) ppm.   
 
LRMS   [ESI+, MeOH] calculated mass: 300.02 for C12H15IN
+ [M-I
-]
+; found m/z: 
300.1 (100 %), 301.1 (14.0 %), 302.1 (1.7 %).   
 
Data consistent with literature
145 
 
 
6.2.1.8. Synthesis of 1-Buthyl-5-iodo-2,3,3-trimethyl-3H-indolium Iodide (8) 
 
 
 
5-Iodo-2,3,3-trimethylindolenine 6 (6.71 g, 23.54 mmol, 1 eq) was dissolved in acetonitrile 
(60 mL) then 1-iodobutane (21.43 mL, 188.30 mmol, 8 eq) was added and the reaction 
mixture heated at reflux for 24 hours. After the reaction was cooled to room temperature, 
the precipitate was filtered off, washed with diethyl ether, and dried in vacuo. Product 8 
was obtained with 94 % yield (10.33 g, 22.03 mmol) as pink crystals. Mw = 469.14 g/mol 
(C15H21I2N).  
 
Rf:     0.71 [DCM/MeOH 95:5 v/v] 
 
IR (neat):  3008 (w, C-H, aromatic), 2960, 2929 (s, C-H, alkyl), 1621 – 1539 (s, C-C, 
aromatic), 1463 (s, C-I).   
 
1H NMR   (300 MHz, DMSO) δ 8.31 (1 H, d, J = 1.1 Hz, H-4), 7.99 (1 H, dd, J = 8.4, 
1.1 Hz, H-6), 7.80 (1 H, d, J = 8.4 Hz, H-7), 4.43 (2 H, t, J = 7.5 Hz, 
NCH2CH2CH2CH3), 2.83 (3 H, s,  2-CH3), 1.79 (2 H, quin,  J = 7.6  Hz, 
NCH2CH2CH2CH3), 1.53 (6 H, s, 3-CH3 ×2), 1.41 (2 H, dq, J = 15.2, 7.5 
Hz, NCH2CH2CH2CH3), 0.92 (3 H, t, J = 7.3 Hz, NCH2CH2CH2CH3) ppm. Chapter 6 - Experimental 
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13C NMR   (75 MHz, DMSO) δ 196.4 (C-2), 144.0, 140.9 (C-7a, C-3a), 137.5, 132.4, 
117.5 (C-7, C-6, C-4), 96.3 (C-5), 54.2 (C-3), 47.6 (NCH2CH2CH2CH3), 
29.2 (NCH2CH2CH2CH3), 21.8 (2 C, 3-CH3 ×2), 19.3 (NCH2CH2CH2CH3), 
14.1, 13.6 (NCH2CH2CH2CH3, 2-CH3) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 342.07 for C15H21IN
+ [M-I
-]
+; found m/z: 
342.1 (100 %), 343.2 (16.7 %), 344.1 (1.5 %). 
 
HRMS   [ESI+,  MeOH]  calculated  mass:  342.0713  for  C15H21IN
+;  found  m/z: 
342.0717 
 
 
6.2.1.9.  Synthesis  of  5-Bromo-2,3,3-trimethyl-3H-indole  (5-bromo-2,3,3-trimethyl-
indolenine)(9)
146 
 
 
 
4-Bromophenylhydrazine hydrochloride (5.0 g, 22.37 mmol, 1 eq) was suspended in acetic 
acid (350 mL), then 3-methyl-2-butanone (2.64 mL, 24.61 mmol, 1.1 eq) was added and 
the reaction mixture heated at reflux for 6 hours. The reaction mixture was cooled to room 
temperature, diluted with DCM and washed with water. The organic layer was separated, 
dried over sodium sulphate, filtered, and the solvent was removed in vacuo. The residual 
oil was purified by column chromatography (0-50 % EtOAc in DCM) to afford product 9 
with 98 % yield (5.22 g, 21.92 mmol). Mw = 238.12 g/mol (C11H12BrN).   
 
Rf:     0.42 [DCM/EtOAc 1:1 v/v]   
 
1H NMR   (400 MHz, CDCl3) 7.44 - 7.38 (3 H, m, H-4, H-6, H-7), 2.26 (3 H, s, 2-
CH3), 1.30 (6 H, s, 3-CH3 ×2) ppm. 
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  139 
13C NMR   (100 MHz, CDCl3) 188.4 (C-2), 152.7 (C-3a), 147.8 (C-7a), 130.6, 124.8, 
121.2 (C-4, C-6, C-7), 118.8 (C-5), 54.1 (C-3), 22.9 (2 C, 3-CH3 ×2), 15.4 
(2-CH3) ppm.    
   
LRMS   [ESI+, MeOH] calculated mass: 237.02 for C11H12BrN [M]
+;  found  m/z: 
238.0 (100 %), 239.0 (11.5 %), 240.0 (95.6 %), 241.0 (11.5 %) [M+H]
+. 
 
Data consistent with literature
146 
 
 
6.2.1.10. Synthesis of 5-Bromo-1,2,3,3-tetramethyl-3H-indolium Iodide (10)
146 
 
 
 
5-Bromo-2,3,3-trimethylindolenine  9  (0.20  g,  0.84  mmol,  1  eq)  was  dissolved  in 
acetonitrile (2.50 mL) and methyl iodide (0.26 mL, 4.20 mmol, 5 eq) was then added. The 
reaction mixture was stirred at room temperature overnight, and then heated at 50 °C for 6 
hours. After cooling to  room temperature the precipitate was filtered off, washed with 
hexane and dried in vacuo. Product 10 was obtained as light orange powder with 96 % 
yield (0.31 g, 0.81 mmol). Mw = 380.06 g/mol (C12H15BrIN). 
 
Rf:     0.73 [DCM/MeOH 95:5 v/v] 
 
1H NMR   (400 MHz, DMSO) 8.16 (1 H, d, J = 1.5 Hz, H-4); 7.81 - 7.91 (2 H, m, H-
6, H-7); 3.96 (3 H, s, N-CH3); 2.76 (3 H, s, 2-CH3); 1.54 (6 H, s, 3-CH3 ×2) 
ppm. 
 
13C NMR   (100 MHz, DMSO) 196.5 (C-2), 143.8, 141.4 (C-3a, C-7a), 131.7, 117.1 
(C-6, C-7), 126.6 (C-4), 122.57 (C-5), 54.1 (C-3), 34.9 (N-CH3), 21.4 (2 C, 
3-CH3 ×2), 14.3 (2-CH3) ppm. 
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LRMS   [ESI+, MeOH] calculated mass: 252.04 for C12H15BrN
+ [M-I
-]
+; found m/z: 
252.1 (45.4 %), 253 (7.5 %), 254.1 (44.7 %), 255.1 (7.6 %). 
 
HRMS   [ESI+, MeOH] calculated mass: 252.0382 for C12H15BrN
+ [M-I
-]
+; found 
m/z: 252.0383 
 
Data consistent with literature
146 
 
 
6.2.1.11. Synthesis of 1,2,3,3-Tetramethylbenz[e]indolium Iodide (11)
141 
 
 
 
2,3,3-Trimethylbenz[e]indole (10.0 g, 47.78 mmol, 1 eq) was dissolved in acetonitrile (50 
mL) then methyl iodide (3.57 mL, 57.34 mmol, 1.2 eq) was added and the reaction mixture 
heated  at  reflux  for  15  min.  The  reaction  was  cooled  to  room  temperature  and  the 
precipitate was filtered off, washed with diethyl ether, and dried in vacuo. Product 11 was 
obtained as a pale olive solid with 86 % yield (14.41 g, 41.01 mmol). Mw = 351.23 g/mol 
(C16H18IN).  
 
Rf:     0.19 [DCM/MeOH 95:5 v/v] 
 
1H NMR   (400 MHz, DMSO) δ 8.36 (1 H, d, J = 8.5 Hz, H-5), 8.29 (1 H, d, J = 9.0 
Hz, H-10), 8.21 (1 H, d, J = 8.0 Hz, H-8), 8.11 (1 H, d, J = 9.0 Hz, H-11), 
7.77 (1 H, dd, J = 6.8, 8.0 Hz, H-6), 7.73 (1 H, dd, J = 7.6, 6.8 Hz, H-7), 
4.11 (3 H, s, N-CH3), 2.89 (3 H, s, 2-CH3), 1.76 (6 H, s, 3-CH3 ×2) ppm. 
13C NMR   (100 MHz, DMSO) δ 195.9 (C-2), 139.4 (C-11a), 136.5 (C-3a), 133.0 (2 C, 
C-4, C-9), 130.5 (C-10), 129.7 (C-8), 128.3 (C-6), 127.1 (C-7), 123.4 (C-5), 
113.1 (C-11), 55.2 (C-3), 35.1 (N-CH3), 21.2 (2 C, 3-CH3 ×2), 14.1 (2-CH3) 
ppm. 
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  141 
LRMS   [ESI+, MeOH] calculated mass:  224.14 for C16H18N
+ [M-I]
+; found m/z: 
224.1 (5.3 %), 225.1 (53.4 %), 226.2 (22.3 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS   [ESI+, MeOH] calculated mass: 224.1434 for C16H18N
+ [M-I]
+; found m/z: 
224.1436 
 
Data consistent with literature
141 
 
 
6.2.1.12. Synthesis of 1-(4-Pentynyl)-2,3,3-trimethylbenz[e]indolium  Iodide (12) 
 
 
 
Potassium iodide (11.90 g, 71.67 mmol, 3 eq) was suspended in acetonitrile (20 mL) then 
5-chloro-1-pentyne (3.80 mL, 35.83 mmol, 1.5 eq) was added and the reaction mixture was 
stirred at 50 C. After 10 minutes 2,3,3-trimethylbenz[e]indole (5.0 g, 23.89 mmol, 1 eq) 
was added and reaction mixture heated at reflux for 24 hours. The reaction was cooled to 
room  temperature,  diluted  with  DCM  and  washed  with  water.  The  organic  layer  was 
separated, dried over sodium sulphate, filtered and the solvent was removed in vacuo. The 
residue was dissolved in a small volume of DCM and precipitated with diethyl ether. The 
solid  was  filtered  off,  washed  with  diethyl  ether  and  dried  in  vacuo  overnight.  The 
compound 12 was obtained as a green solid with 69 % yield (6.62 g, 16.42 mmol). Mw = 
403.30 g/mol (C20H22IN). 
 
Rf:    0.23 [DCM/MeOH 95:5 v/v] 
 
1H NMR   (400 MHz, DMSO) δ 8.42 (1 H, d, J = 8.5 Hz, H-5), 8.35 (1 H, d, J = 9.0 
Hz, H-10), 8.27 (1 H, d, J = 8.0 Hz, H-8), 8.20 (1 H, d, J = 9.0 Hz, H-11), Chapter 6 - Experimental 
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7.87  -  7.74  (2  H,  m,  H-6,  H-7),  4.68  (2  H,  t,  J  =  7.5  Hz, 
NCH2CH2CH2C≡CH), 3.02 - 3.00 (1 H, m, C≡CH), 3.01 (3 H, s, 2-CH3), 
2.55  -  2.49  (2  H,  m,  NCH2CH2CH2C≡CH),  2.20  –  2.16  (2  H,  m, 
NCH2CH2CH2C≡CH), 1.82 (6 H, s, 3-CH3 ×2) ppm. 
 
13C NMR   (100 MHz, DMSO) δ 196.8 (C-2), 138.5 (C-11a), 136.9 (C-3a), 133.0 (2 C, 
C-4, C-9), 130.7 (C-10), 129.7 (C-8), 128.4 (C-6), 127.2 (C-7), 123.4 (C-5), 
113.1  (C-11),  83.1  (C≡CH),  72.4  (C≡CH),  55.6  (C-3),  47.1 
(NCH2CH2CH2C≡CH), 26.2 (NCH2CH2CH2C≡CH), 21.6 (2 C, 3-CH3 ×2), 
15.2 (NCH2CH2CH2C≡CH), 14.0 (2-CH3) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 276.17 for C20H22N
+ [M-I]
+; found m/z: 
276.3 (28.4 %), 277.3 (7.0 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
   
HRMS  [ESI+, MeOH] calculated mass: 276.1747 for C20H22N
+ [M-I
-]
+; found m/z: 
276.1752 
 
 
6.2.1.13. Synthesis of N-((1E)-3-(Phenylimino)prop-1-enyl)benzenamine Hydrochloride 
(Malondialdehyde Dianil Hydrochloride) (13)
140 
 
 
 
An  aqueous  (171  mL)  solution  of  concentrated  hydrochloric  acid  (8.50  mL),  and 
malondialdehyde bis(dimethyl acetal) (10.50 mL, 0.06 mol, 1 eq) were heated to 50 °C, 
then a solution of water (210 mL), hydrochloric acid (15 mL), and aniline (11.10 mL, 0.12 
mol, 2 eq) was  added dropwise. During the addition  of aniline solution the colourless 
reaction mixture gradually changed to orange. The reaction had reached completion after 4 
hours. The precipitate was isolated by filtration to give compound 13 as an orange solid 
with 72 % yield (11.22 g, 0.04 mol). Mw = 258.75 g/mol (C15H15ClN2). 
 Chapter 6 - Experimental 
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Rf:     0.48 [DCM/MeOH 9:1 v/v] 
 
1H NMR   (400 MHz, MeOD) δ 8.72 (2 H, d, J = 11.5 Hz, NCH=CH-CH=NH), 7.48 - 
7.42 (4 H, m, H-2, H-2′, H-6, H-6′), 7.41 - 7.37 (4 H, m, H-3, H-3′, H-5, H-
5′), 7.30 - 7.24 (2 H, m, H-4, H-4′), 6.29 (1 H, t, J = 11.5 Hz, NCH=CH-
CH=NH) ppm.
 
 
13C NMR   (100 MHz, MeOD) δ 159.7 (2 C, NCH=CH-CH=NH ), 139.8 (2 C, C-1, C-
1′), 131.1 (4 C, C-2, C-2′, C-6, C-6′), 127.6 (2 C, C-4, C-4′), 118.8 (4 C, C-
3, C-3′, C-5, C-5′), 99.4 (1 C, s NCH=CH-CH=NH) ppm.
 
 
LRMS   [ESI+, MeOH] calculated mass: 223.12 for C15H15N2
+ [M-Cl
-]
+; found m/z : 
223.2 (100 %), 224.2 (17.1 %), 225.2 (1.4 %). 
 
Data consistent with literature
140  
 
 
6.2.1.14. Synthesis of 2-Chloro-1-formyl-3-hydroxymethylenecyclohexene (14)
153 
 
 
 
Dimethylformamide (20 mL) with dichloromethane (20 mL) was cooled in an ice bath, and 
then phosphorus oxychloride (19 mL, 207.50 mmol, 4 eq) was dissolved in freshly distilled 
dichloromethane (18 mL) and added dropwise under argon to a cooled mixture of DMF 
and DCM. After few minutes cyclohexanone (5.30 mL, 50.90 mmol, 1 eq) was added and 
the solution heated at reflux for 3 hours. After cooling down to room temperature the 
reaction mixture was poured onto 100 g of ice and left to stand overnight. The yellow 
precipitate was filtered off and dried under vacuo to give the product 14 with 22 % yield 
(1.96 g, 11.36 mmol). Mw = 172.61 g/mol (C8H9ClO2).  
   
Rf:  0.77 [DCM/MeOH 9:1 v/v] Chapter 6 - Experimental 
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1H NMR  (300  MHz,  MeOD)  δ  10.18  (1  H,  s,  COH),  7.27  (1  H,  s,  C=CHOH  or 
C=CHOH), 6.68 (1 H, s, C=CHOH or C=CHOH), 2.51 – 2.20 (4 H, m, H-5 
×2, H-3 ×2), 1.70 – 1.58 (2 H, m, H-4 ×2) ppm. 
 
LRMS   [ESI-, MeOH] calculated mass: 172.03 for C8H9ClO2 [M]
-; found m/z: 171.1 
(100%) [M-H]
-, 172.1 (8.3 %).  
 
Data consistent with literature
153,245 
 
 
6.2.2. Synthesis of Cy5 NHS-ester 
 
6.2.2.1.  Synthesis  of  2-[5-(1-(5-Carboxypentyl)-2,3-dihydro-3,3-dimethyl-1H-indol-2-
ylidene)-1,3-pentadienyl]-1,3,3-trimethyl-3H-indolium Chloride (15)
142 
 
 
 
1-(5-Carboxypentyl)-2,3,3-trimethyl-3H-indolium bromide 3 (0.88 g, 2.48 mmol, 1 eq) and 
malondialdehyde bis(phenylimine) monohydrochloride 13 (0.96 g, 3.72 mmol, 1.5 eq) in 
acetic  anhydride  (9  mL)  were  heated  at  120  °C.  After  30  minutes  of  heating  the 
hemicyanine intermediate was formed (followed by TLC) and the reaction mixture was 
cooled to room temperature. A solution of 1,2,3,3-tetramethyl-3H-indolium iodide 2 (1.27 
g, 4.22 mmol, 1.7 eq) in anhydrous pyridine (10 mL) was then added and the reaction was 
stirred at ambient temperature for 12 hours. The reaction mixture was concentrated, the 
residue was dissolved in chloroform (5 mL) and precipitated with hexane (100 mL). The 
supernatant  was  decanted  and  the  residual  oil  was  dissolved  in  chloroform  (70  mL), 
washed with water (3 x 50 mL), and 0.1 M HCl (30 mL). The organic layer was separated, 
dried  over  sodium  sulphate  and  the  solvent  was  removed  in  vacuo.  The  residue  was Chapter 6 - Experimental 
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purified by column chromatography (0-10% EtOH/CHCl3) to afford the product 15 with 58 
% yield (0.74 g, 1.44 mmol). Mw = 519.12 g/mol (C32H39ClN2O2). 
 
Rf:     0.21 [CHCl3/MeOH 9:1 v/v]  
 
1H NMR   (400 MHz, DMSO) δ 12.00 (1 H, br. s, COOH), 8.33 (2 H, t, J = 13.1 Hz, 
CH-CH=CH-CH=CH), 7.61 (2 H, d, J = 7.4 Hz, H-4, H-4′), 7.39 (4 H, m, 
H-6, H-6′, H-7, H-7′), 7.26 - 7.21 (2 H, m, H-5, H-5′), 6.57 (1 H, t, J = 12.4 
Hz, CH-CH=CH-CH=CH), 6.29 (2 H, dd, J = 18.8, 13.9 Hz, CH-CH=CH-
CH=CH), 4.09 (2 H, t, J = 7.0 Hz, NCH2CH2CH2CH2CH2COOH), 3.60 (3 
H, s, N′-CH3), 2.20 (2 H, t, J = 7.2 Hz, NCH2CH2CH2CH2CH2COOH), 1.75 
- 1.68 (2 H, m, NCH2CH2CH2CH2CH2COOH), 1.68 (12 H, s, 3-CH3 ×2, 3′-
CH3 ×2), 1.58 - 1.51 (2 H, m, NCH2CH2CH2CH2CH2COOH), 1.42 - 1.35 (2 
H, m, NCH2CH2CH2CH2CH2COOH) ppm. 
 
13C NMR   (100 MHz, DMSO) δ 174.3 (C=O), 173.2, 172.5 (C-2, C-2′), 153.9 (2 C, 
CH-CH=CH-CH=CH), 142.7, 142.0 (C-7a, C-7a′), 141.1, 141.0 (C-3a, C-
3a′), 128.4, 128.3 (C-6, C-6′), 125.3 (CH-CH=CH-CH=CH), 124.7, 124.6 
(C-5, C-5′), 122.4, 122.3 (C-4, C-4′), 111.0 (2 C, C-7, C-7′), 103.3, 103.0 
(CH-CH=CH-CH=CH),  48.8  (2  C,  C-3,  C-3′),  43.2  (NCH2CH2CH2CH2-
CH2COOH),  33.5  (NCH2CH2CH2CH2CH2COOH),  31.1  (N′-CH3),  27.2, 
27.0 (2 C, 3-CH3 ×2; 2 C, 3′-CH3 ×2), 26.6 (NCH2CH2CH2CH2CH2COOH), 
25.6 (NCH2CH2CH2CH2CH2COOH), 24.2 (NCH2CH2CH2CH2CH2COOH) 
ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 483.3 for C32H39N2O2
+ [M-Cl
-]
+; found m/z: 
483.2 (100 %), 484.3 (30.9 %), 484.5 (3.9%), 485.5 (1.5 %). 
 
Data consistent with literature
142 
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6.2.2.2. Synthesis of 2-[5-(1-(5-(Succinimidooxycarbonyl)pentyl)-2,3-dihydro-3,3-
dimethyl-1H-indol-2-ylidene)-1,3-pentadienyl]-1,3,3-trimethyl-3H-indolium Chloride 
(16)
142 
 
 
The carboxypentyl-Cy5 15 (0.20 g, 0.39 mmol, 1 eq) was dissolved in anhydrous DCM (4 
mL), followed by the addition of anhydrous DIPEA (0.14 mL, 0.77 mmol, 2 eq) under 
argon. N,N′-Disuccinimidyl carbonate (DSC) (0.11 g, 0.42 mmol, 1.1 eq) was then added 
in one portion and the reaction mixture was stirred under argon at room temperature. After 
2.5  hours  the  reaction  had  reached  completion  and  was  diluted  with  DCM,  washed 
successively with water (80 mL), 1 M HCl (20 mL), and brine (20 mL). The organic layer 
was separated, dried over sodium sulphate and the solvent was removed in vacuo. The 
residue was triturated with diethyl ether, the precipitate filtered off, washed with diethyl 
ether and dried overnight in vacuo. The product 16 was obtained as a purple solid with 76 
% yield (0.17 g, 0.29 mmol). Mw = 616.19 g/mol (C36H42ClN3O4). 
 
Rf:     0.33 [DCM/MeOH 9:1 v/v] 
     
1H NMR   (300 MHz, DMSO) δ 8.35 (2 H, t, J = 13.0 Hz, CH-CH=CH-CH=CH), 7.62 
(2 H, d, J = 7.3 Hz, H-4, H-4′), 7.45 - 7.36 (4 H, m, H-6, H-6′, H-7, H-7′), 
7.29 - 7.21 (2 H, m, H-5, H-5′), 6.57 (1 H, t, J = 12.4 Hz, CH-CH=CH-
CH=CH), 6.29 (2 H, dd, J = 13.7, 11.5 Hz, CH-CH=CH-CH=CH), 4.16 - 
4.05 (2 H, m, NCH2CH2CH2CH2CH2COONHS), 3.61 (3 H, s, N′-CH3), 2.82 
(4  H,  s,  COCH2CH2CO),  2.69  (2  H,  t,  J  =  7.3  Hz,  NCH2CH2CH2CH2-
CH2COONHS),  1.78  -  1.70  (4  H,  m,  NCH2CH2CH2CH2CH2COONHS), 
1.69  (12  H,  s,  3-CH3  ×2,  3′-CH3  ×2),  1.57  -  1.43  (2  H,  m,  NCH2-
CH2CH2CH2CH2COONHS) ppm. Chapter 6 - Experimental 
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13C NMR   (75 MHz, DMSO) δ 173.3 (C-2′), 172.5 (C=O), 170.2 (C-2), 168.9 (2 C, 
COCH2CH2CO), 154.0 (2 C, CH-CH=CH-CH=CH), 142.7 (2 C), 142.0, 
141.0  (C-3a,  C-3a′,  C-7a,  C-7a′),  128.3  (2  C,  C-6,  C-6′),  125.3  (CH-
CH=CH-CH=CH), 124.6 (2 C, C-5, C-5′), 122.3 (2 C, C-4, C-4′), 111.0 (2 
C, C-7, C-7′), 103.3, 103.0 (CH-CH=CH-CH=CH), 48.9 (2 C, C-3, C-3′), 
43.2  (NCH2CH2CH2CH2CH2COONHS),  31.1  (N′-CH3),  30.0  (NCH2CH2-
CH2CH2CH2COONHS), 27.2, 27.0 (2 C, 3-CH3 ×2; 2 C, 3′-CH3 ×2), 26.4 
(NCH2CH2CH2CH2CH2COONHS),  25.5  (2  C,  COCH2CH2CO),  25.2 
(NCH2CH2CH2CH2CH2COONHS),  23.9  (NCH2CH2CH2CH2CH2COO-
NHS) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 580.32 for C36H42N3O4
+ [M-Cl
-]
+; found 
m/z: 612.4 (100 %), 580.3 (81.2 %), 581.4 (27.6 %), 582.4 (3.6 %), 582.5 
(2.9 %). 
 
UV/Vis  (MeOH) λmax = 641 nm, ε = 230000 M
-1 cm
-1, λem = 666 nm. 
 
Data consistent with literature
142 
 
 
6.2.3. Synthesis of Bromo-Cy5 NHS-ester and Bromo-Cy5-propargylamide 
 
6.2.3.1.  Synthesis  of  2-[5-(1-(5-Carboxypentyl)-2,3-dihydro-3,3-dimethyl-1H-indol-2-
ylidene)-1,3-pentadienyl]-5-bromo-1,3,3-trimethyl-3H-indolium Iodide (17) 
 
 
 
5-Bromo-1,2,3,3-tetramethyl-3H-indolium  iodide  10  (1.84  g,  4.85  mmol,  1  eq),  and 
malondialdehyde bis(phenylimine) monohydrochloride 13 (2.13 g, 8.25 mmol, 1.7 eq) in Chapter 6 - Experimental 
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acetic anhydride (15 mL) were heated at reflux under argon. After 30 minutes of heating 
reaction mixture was cooled to room temperature and a solution of 1-(5-carboxypentyl)-
2,3,3-trimethyl-3H-indolium bromide 3 (3.26 g, 9.21 mmol, 1.9 eq) in anhydrous pyridine 
(20 mL) was added and the reaction mixture was stirred at ambient temperature overnight.  
The  solvent  was  removed  in  vacuo,  the  residue  was  dissolved  in  chloroform  and 
precipitated with hexane. The supernatant was decanted and the residual oil was dissolved 
in chloroform, washed with water, and 0.1 M HCl. The organic layer was separated, dried 
over sodium sulphate and the solvent was removed under the reduced pressure. The residue 
was purified by column chromatography (20 % hexane/DCM, then 0-10 % MeOH/DCM). 
The product 17 was obtained as purple foam with 75 % yield (2.50 g, 3.63 mmol). Mw = 
689.46 g/mol (C32H38BrIN2O2). 
 
Rf:     0.31 [CHCl3/MeOH 9:1 v/v]  
 
1H NMR   (400 MHz,CDCl3)  8.18 - 8.00 (2 H, m, CH=CH-CH=CH-CH), 7.44 (1 H, 
dd, J = 8.4, 1.9 Hz, H-6′), 7.39 (1 H, d, J = 1.9 Hz, H-4′), 7.38 - 7.33 (2 H, 
m, H-4, H-6), 7.25 - 7.20 (1 H, m, H-5), 7.15 (1 H, d, J = 8.2 Hz, H-7), 6.99 
(1 H, d, J = 8.4 Hz, H-7′), 6.89 (1 H, t, J = 12.5 Hz, CH=CH-CH=CH-CH), 
6.41, 6.26 (1 H, d, J = 13.7 Hz; 1 H, d, J = 13.4 Hz, CH=CH-CH=CH-CH), 
4.11 (2 H, t, J = 7.4 Hz, NCH2CH2CH2CH2CH2COOH), 3.62 (3 H, s, N′-
CH3), 2.39 (2 H, t, J = 7.1 Hz, NCH2CH2CH2CH2CH2COOH), 1.87 - 1.79 
(2  H,  m,  NCH2CH2CH2CH2CH2COOH),  1.76  -  1.67  (2H,  m, 
NCH2CH2CH2CH2CH2COOH), 1.74, 1.70 (6 H, s, 3-CH3 ×2; 6 H, s, 3′-CH3 
×2), 1.59 - 1.51 (2 H, m, NCH2CH2CH2CH2CH2COOH) ppm. 
 
13C NMR   (100 MHz, CDCl3) 177.6, 171.8 (C-2, C-2′), 174.1 (C=O), 154.4, 153.0 
(CH=CH-CH=CH-CH), 142.8, 142.2, 141.9, 141.6 (C-7a, C-7a′, C-3a, C-
3a′) 131.6 (C-6′), 127.1 (CH=CH-CH=CH-CH), 128.9, 125.8, 125.6, 122.5 
(C-4, C-4′, C-5, C-6), 117.6 (C-5′), 111.8, 111.2 (C-7, C-7′), 104.9, 103.8 
(CH=CH-CH=CH-CH),  49.8,  49.1  (C-3,  C-3′),  44.7  (NCH2CH2CH2-
CH2CH2COOH), 34.2 (NCH2CH2CH2CH2CH2COOH), 32.6 (N′-CH3), 28.2 
(4  C,  3-CH3  ×2,  3′-CH3  ×2),  27.2,  26.3,  24.5  (NCH2CH2CH2CH2-
CH2COOH) ppm. 
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LRMS   [ESI+, CH3CN] calculated mass: 561.21 for C32H38BrN2O2
+ [M-I
-]
+; found 
m/z: 561.4 (92.0 %), 562.4 (26.4 %), 563.3 (100 %), 564.4 (28.2 %), 564.5 
(6.2 %), 575.3 (14.6 %), 576.3 (4.5 %), 577.3 (15.6 %), 578.4 (4.7 %), 
578.5 (2.7 %). 
[ESI-, CH3CN] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
  
HRMS  [ESI+, MeOH] calculated mass: 561.2111 for C32H38BrN2O2
+ [M-I
-]
+; found 
m/z: 561.2121 
 
 
6.2.3.2.  Synthesis  of  2-[5-(1-(5-(Succinimidooxycarbonyl)pentyl)-2,3-dihydro-3,3-
dimethyl-1H-indol-2-ylidene)-1,3-pentadienyl]-5-bromo-1,3,3-trimethyl-3H-indolium 
Iodide (18) 
 
 
 
Bromo-Cy5-carboxypentyl 17 (0.41 g, 0.59 mmol, 1 eq) was dissolved in anhydrous DCM 
(6.13 mL). Then anhydrous DIPEA (0.20 mL, 1.18 mmol, 2 eq) and N,N′-disuccinimidyl 
carbonate (0.17 g, 0.65 mmol, 1.1 eq) were added under argon. The reaction mixture was 
stirred at room temperature for 3 hours then diluted with DCM, washed with water, 1 M 
HCl, and brine. The organic layer was separated, dried over sodium sulphate, filtered, and 
the solvent was removed in vacuo. The residue was dissolved in DCM and triturated with 
diethyl ether. The precipitate was filtered off, washed with diethyl ether and dried in vacuo 
to give product 18 as a purple solid with 53 % yield (0.24 g, 0.31 mmol). Mw = 786.54 
g/mol (C36H41BrIN3O4). 
 
Rf:    0.34 [DCM/MeOH 95:5 v/v] Chapter 6 - Experimental 
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IR   (neat): 2966 (w, C-H, aromatic), 2929 (m, =CH, alkene), 2863 (w, C-H, 
alkyl), 1800 – 1770 (m, C=C, alkene), 1732 (s, C=O, carbonyl), 1700  – 
1580 (m, C-C, aromatic), 1453, 1368 (s, C-N, amide), 1145 (s, C-O, ester) 
cm
-1.  
 
1H NMR   (400 MHz, CDCl3)  8.34 - 8.19 (2 H, m, CH=CH-CH=CH-CH), 7.47 (1 H, 
dd, J = 8.4, 1.8 Hz, H-6′), 7.42 (1 H, d, J = 1.8 Hz, H-4′), 7.41 - 7.36 (2 H, 
m, H-4, H-6), 7.28 – 7.24 (1 H, m, H-5), 7.14 (1 H, d, J = 8.0 Hz, H-7), 6.98 
(1 H, d, J = 8.4 Hz, H-7′), 6.88 (1 H, t, J = 12.4 Hz, CH=CH-CH=CH-CH), 
6.49 (1 H, d, J = 13.7 Hz, CH=CH-CH=CH-CH), 6.30 (1 H, d, J = 13.6 Hz, 
CH=CH-CH=CH-CH), 4.15 (2 H, t, J = 7.3 Hz, NCH2CH2CH2CH2CH2-
COONHS), 3.65 (3 H, s, N′-CH3), 2.88 (4 H, s, COCH2CH2CO), 2.67 (2 H, 
t,  J  =  7.1  Hz,  NCH2CH2CH2CH2CH2COONHS),  1.89  -  1.84  (4  H,  m, 
NCH2CH2CH2CH2CH2COONHS), 1.80, 1.74 (6 H, s, 3-CH3 ×2; 6 H, s, 3′-
CH3 ×2) 1.67 – 1.65 (2 H, m, NCH2CH2CH2CH2CH2COONHS) ppm. 
 
13C NMR   (100 MHz, CDCl3)  174.2 (C-2), 172.1 (C=O), 169.3 (2 C, C=O NHS), 
168.5  (C-2′),  155.2,  153.8  (CH=CH-CH=CH-CH),  142.9,  142.3,  141.9, 
141.7  (C-7a,  C-7a′,  C-3a,  C-3a′),  131.6  (C-6′),  127.3  (CH=CH-CH=CH-
CH), 128.8, 125.7 (2 C), 122.5 (C-4, C-4′, C-5, C-6), 117.7 (C-5′), 111.6, 
110.9 (C-7, C-7′), 104.9, 103.8 (CH=CH-CH=CH-CH), 49.9, 49.2 (C-3, C-
3′),  44.5  (NCH2CH2CH2CH2CH2COONHS),  32.3  (N′-CH3),  30.8 
(NCH2CH2CH2CH2CH2COONHS) 28.2, 27.1 (2 C, 3-CH3 ×2; 2 C, 3′-CH3 
×2),  27.1  (2  C,  NCH2CH2CH2CH2CH2COONHS),  25.9,  25.8 
(COCH2CH2CO), 24.4 (NCH2CH2CH2CH2CH2COONHS) ppm. 
 
LRMS   [ESI+, CH3CN] calculated mass: 658.23 for C36H41BrN3O4
+ [M-I
-]
+; found 
m/z: 658.3 (87.7 %), 659.3 (22.8 %), 660.2 (100 %), 661.4 (26.7 %), 661.6 
(9.7 %), 662.5 (2.1 %). 
 
HRMS   [ESI  +,  CH3CN]  calculated  mass:  658.2275  for  C36H41BrN3O4
+  [M-I
-]
+; 
found m/z: 658.2289 
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6.2.3.3.  Synthesis  of  2-[5-(1-(6-Oxo-6-(2-propynylamino)hexyl)-2,3-dihydro-3,3-
dimethyl-1H-indol-2-ylidene)-1,3-pentadienyl]-5-bromo-1,3,3-trimethyl-3H-indolium 
Iodide (19) 
 
 
Bromo-Cy5 carboxypentyl 17 (1.0 g, 1.45 mmol, 1 eq) was dissolved in anhydrous DCM 
(14  mL),  followed  by  the  addition  of  DIPEA  (0.76  mL,  4.35  mmol,  3  eq)  and  N-(3-
dimethylaminopropyl)-N′-ethyl-carbodiimide hydrochloride (EDC) (0.56 g, 2.90 mmol, 2 
eq). The reaction mixture was stirred for 10 minutes before the propargylamine (0.30 mL, 
4.35  mmol,  3  eq)  was  added  dropwise,  then  the  reaction  was  carried  on  at  ambient 
temperature, stirring under  argon.  After 6 hours  the reaction mixture was  diluted with 
DCM and washed with 10 % citric acid, brine, then dried over sodium sulphate, filtered, 
and  the  solvent  was  removed  in  vacuo.  The  crude  mixture  was  purified  by  column 
chromatography (0 - 14 % MeOH in EtOAc) to afford the product 19 with 56 % yield 
(0.60 g, 0.82 mmol). Mw = 726.53 g/mol (C35H41BrIN3O). 
 
Rf:     0.62 [EtOAc/MeOH/NH3 5:1:1 v/v] 
 
IR   (neat): 3227 (br., CH, alkyne overlap with N-H amide), 2975 (w, C-H, 
aromatic), 2924 (m, =CH, alkene), 2855 (m, C-H, alkyl), 2360, 2342 (s, 
CC, alkyne), 1651 (m, C=O, carbonyl), 1449 (s, C-C, aromatic), 1329 (s, 
C-N, amide), 1071, 1014 (s, C-O, ester) cm
-1.   
 
1H NMR   (400 MHz, CDCl3)  8.33 (1 H, br. s., N-H), 8.04 – 7.87 (2 H, m, CH=CH-
CH=CH-CH), 7.45 (1 H, dd, J = 8.3, 1.8 Hz, H-6′), 7.41 – 7.34 (3 H, H-4, 
H-4′, H-6), 7.27 – 7.21 (1 H, m, H-5), 7.16 (1 H, d, J = 8.0 Hz, H-7), 6.97 (1 
H, t, J = 12.3 Hz, CH=CH-CH=CH-CH), 6.91 (1 H, d, J = 8.4 Hz, H-7′), Chapter 6 - Experimental 
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6.54 (1 H, d, J = 13.6 Hz, CH=CH-CH=CH-CH), 6.25 (1 H, d, J = 13.1 Hz, 
CH=CH-CH=CH-CH), 4.12 (2 H, t, J = 7.3 Hz, NCH2CH2CH2CH2CH2-
CONH), 4.01 – 3.99 (2 H, m, CONHCH2CC), 3.58 (3 H, s, N′-CH3), 2.37 
(2 H, t, J = 7.3 Hz, NCH2CH2CH2CH2CH2CONH), 2.14 - 2.11 (1 H, m, 
CCH), 1.90 - 1.80 (2 H, m, NCH2CH2CH2CH2CH2CONH), 1.79 - 1.74 (2 
H, m, NCH2CH2CH2CH2CH2CONH), 1.72, 1.69 (6 H, s, 3-CH3 ×2; 6 H, s, 
3′-CH3 ×2), 1.61 - 1.50 (2 H, m, NCH2CH2CH2CH2CH2CONH) ppm.
 
 
13C NMR   (100 MHz, CDCl3)  174.3 (C-2), 173.2 (C=O), 171.3 (C-2′), 154.2, 152.3 
(CH=CH-CH=CH-CH), 142.6, 142.2, 141.8, 141.5 (C-7a, C-7a′, C-3a, C-
3a′), 131.6 (C-6′), 127.4 (CH=CH-CH=CH-CH), 129.0, 126.0, 125.6, 122.4 
(C-4, C-4′, C-5, C-6), 117.5 (C-5′), 111.5, 111.3 (C-7, C-7′), 105.5, 103.5 
(CH=CH-CH=CH-CH), 80.5 (CCH), 70.8 (CCH), 49.9, 48.9 (C-3, C-3′), 
45.0 (NCH2CH2CH2CH2CH2CONH), 36.1 (NCH2CH2CH2CH2CH2CONH), 
32.1 (N′-CH3), 28.9 (CONHCH2CC), 28.2, 27.3 (2 C, 3-CH3 ×2; 2 C, 3′-
CH3 ×2), 26.5, 25.1, 23.4 (NCH2CH2CH2CH2CH2CONH) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 598.24 for C35H41BrN3O
+ [M-I
-]
+; found 
m/z: 598.4 (93.9 %), 599.4 (30.2 %), 600.4 (100 %), 601.5 (35.4 %), 602.5 
(2.7 %), 602.5 (4.7 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS   [ESI +, MeOH] calculated mass: 598.2428 for C35H41BrN3O
+ [M-I
-]
+; found 
m/z: 598.2442 
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6.2.4. Synthesis of Cy3 NHS-ester 
 
6.2.4.1.  Synthesis  of  2-[3-(1-(5-Carboxypentyl)-2,3-dihydro-3,3-dimethyl-1H-indol-2-
ylidene)-1-propenyl]-1,3,3-trimethyl-3H-indolium Chloride (21)
142 
 
 
 
The hemicyanine 20 (synthesised by Lucy Hall) (4.90 g, 12.10 mmol, 1 eq) and 1-(5-
carboxypentyl)-2,3,3-trimethyl-3H-indolium bromide 3 (6.0 g, 16.90 mmol, 1.4 eq) were 
suspended in anhydrous pyridine (60 mL), then acetic anhydride (11.40 mL, 121.0 mmol, 
10 eq) was added. The reaction mixture was stirred at 50 °C for 18 hours, then cooled to 
room temperature and solvent removed under reduced pressure. The residue was dissolved 
in CHCl3 and precipitated with hexane. The hexane layer was decanted off and the residual 
oil  dissolved  in  CHCl3,  washed  with  water  and  0.1  M  HCl.  The  organic  layer  was 
separated, dried over sodium sulphate, filtered and the solvent was removed in vacuo. The 
crude reaction mixture was twice purified by column chromatography (0-5 % MeOH in 
DCM/EtOAc 1:1) to give the product 21 as pink foam with 69 % yield (4.13 g, 8.38 
mmol). Mw = 493.08 g/mol (C30H37ClN2O2).  
 
Rf:    0.31 [DCM/MeOH 9:1 v/v]  
     
1H NMR     (400 MHz, DMSO)  8.33 (1 H, t, J = 13.4 Hz, CH=CH-CH), 7.66 - 7.57 (2 
H, m, H-4, H-4′), 7.50 - 7.37 (4 H, m, H-6, H-6′, H-7, H-7′), 7.35 - 7.19 (2 
H, m, H-5, H-5′), 6.60 (1 H, d, J = 13.2 Hz, CH=CH-CH), 6.53 (1 H, d, J = 
13.2  Hz,  CH=CH-CH),  4.10  (2  H,  t,  J  =  7.0  Hz,  NCH2CH2CH2CH2-
CH2COOH), 3.67 (3 H, s, N′-CH3), 3.63 - 3.54 (2 H, m, NCH2CH2CH2-
CH2CH2COOH), 1.80 - 1.72 (2 H, m, NCH2CH2CH2CH2CH2COOH), 1.68 
(12  H,  s,  3-CH3  ×2,  3′-CH3  ×2),  1.61  -  1.48  (2  H,  m,  NCH2CH2CH2-
CH2CH2COOH), 1.47 - 1.36 (2 H, m, NCH2CH2CH2CH2CH2COOH) ppm. Chapter 6 - Experimental 
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13C NMR     (100  MHz,  DMSO)    174.4,  173.5,  171.7  (C=O,  C-2,  C-2′),  149.7 
(CH=CH-CH), 142.6, 141.9 (C-7a, C-7a′), 140.6 (2 C, C-3a, C-3a′), 128.5 
(2 C, C-6, C-6′), 125.0 (2 C, C-5, C-5′), 122.5, 122.3 (C-4, C-4′), 111.4 (2 
C,  C-7,  C-7′),  103.2,  102.5  (CH=CH-CH),  48.8  (2  C,  C-3,  C-3′),  43.8 
(NCH2CH2CH2CH2CH2COOH),  32.9,  31.4  (N′-CH3,  NCH2CH2CH2-
CH2CH2COOH),  27.4,  27.2  (2  C,  3-CH3  ×2;  2  C,  3′-CH3  ×2),  26.7 
(NCH2CH2CH2CH2CH2COOH), 25.5 (NCH2CH2CH2CH2CH2COOH), 24.1 
(NCH2CH2CH2CH2CH2COOH) ppm. 
 
LRMS   [ESI+,  CH3CN] calculated mass:  457.28 for C30H37N2O2
+ [M-I
-]
+;  found 
m/z: 457.4 (100 %), 458.4 (31.1 %), 459.5 (6.5 %). 
[ESI-, CH3CN] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS  [ESI+, CH3CN] calculated mass: 457.2850 for C30H37N2O2
+ [M-I
-]
+; found 
m/z: 457.2845  
 
Data consistent with literature
142 
 
 
6.2.4.2.  Synthesis  of  2-[3-(1-(5-(Succinimidooxycarbonyl)pentyl)-2,3-dihydro-3,3-
dimethyl-1H-indol-2-ylidene)-1-propenyl]-1,3,3-trimethyl-3H-indolium Chloride (22)
142 
 
 
Carboxypentyl-Cy3 21 (0.20 g, 0.41 mmol, 1 eq) was dissolved in anhydrous DCM (3.5 
mL), then DIPEA (0.12 mL, 0.68 mmol, 1.7 eq) and N,N′-disuccinimidyl carbonate (0.12 
g, 0.45 mmol, 1.1 eq) were added under argon. The reaction mixture was stirred at room 
temperature overnight then it was diluted with DCM, washed with water, 1M HCl and Chapter 6 - Experimental 
 
  155 
brine.  The  organic  layer  was  separated,  dried  over  sodium  sulphate,  filtered,  and  the 
solvent was removed in vacuo. The residue was dissolved in a small amount of DCM and 
triturated with diethyl ether. The precipitate was filtered off, washed with diethyl ether and 
dried in vacuo to give the product 22 as a pink solid with 61 % yield (0.15 g, 0.25 mmol). 
Mw = 590.15 g/mol (C34H40ClN3O4). 
 
Rf:    0.43 [DCM/MeOH 9:1 v/v]  
     
1H NMR     (400 MHz, CD3CN)  8.52 - 8.37 (1 H, m, CH=CH-CH), 7.55 - 7.47 (2 H, 
m, H-4, H-4′), 7.47 - 7.36 (2 H, m, H-6, H-6′), 7.34 - 7.22 (4 H, m, H-5, H-
5′, H-7, H-7′), 6.49 (1 H, d, J = 13.5 Hz, CH=CH-CH), 6.42 (1 H, d, J = 
13.4 Hz, CH=CH-CH), 4.11 – 3.98 (2 H, m, NCH2CH2CH2CH2CH2COO-
NHS), 3.60 (3 H, s, N′-CH3), 2.77 (4 H, s, COCH2CH2CO), 2.69 - 2.60 (2 H, 
m,  NCH2CH2CH2CH2CH2COONHS),  1.89  -  1.74  (4  H,  m, 
NCH2CH2CH2CH2CH2COONHS), 1.71, 1.70 (6 H, s, 3-CH3 ×2; 6 H, s, 3′-
CH3 ×2), 1.67 - 1.43 (2 H, m, NCH2CH2CH2CH2CH2COONHS) ppm. 
 
13C NMR    (100  MHz,  CD3CN)    174.9,  174.2  (COOH,  C-2/C-2′),  169.8  (2  C, 
COCH2CH2CO),  168.7  (C-2/C-2′),  150.3  (CH=CH-CH),  142.7,  141.9, 
140.7, 140.6 (C-3a, C-3a′, C-7a, C-7a′), 128.4 (2 C, C-6, C-6′), 125.1, 125.0 
(C-5, C-5′), 122.0, 121.9 (C-4, C-4′), 110.9, 110.9 (C-7, C-7′), 102.3, 102.2 
(CH=CH-CH),  48.9  (2  C,  C-3,  C-3′),  43.8  (NCH2CH2CH2CH2CH2COO-
NHS), 31.0 (N′-CH3), 29.9 (NCH2CH2CH2CH2CH2COONHS), 26.9, 26.7 (2 
C, 3-CH3 ×2; 2 C, 3′-CH3 ×2), 26.3 (NCH2CH2CH2CH2CH2COONHS) 25.1 
(2 C, COCH2CH2CO), 24.9, 23.8 (NCH2CH2CH2CH2CH2COONHS) ppm. 
 
LRMS   [ESI+, CH3CN] calculated mass: 554.3 for C34H40N3O4
+ [M-I
-]
+; found m/z: 
554.4 (100 %), 555.5 (30.5 %), 556.5 (8.2 %), 557.5 (1.5 %). 
[ESI-, CH3CN] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS  [ESI+, CH3CN] calculated mass: 554.3013 for C34H40N3O4
+ [M-I
-]
+; found 
m/z: 554.3001  
 
Data consistent with literature
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6.2.5. Synthesis of Cy7 NHS-ester 
 
6.2.5.1. Synthesis of 2-[7-(2,3-Dihydro-1,3,3-trimethyl-1H-indol-2-ylidene)-4-chloro-3,5-
trimethylene-1,3,5-heptatrienyl]-1,3,3-trimethyl-3H-indolium Iodide (23)
156 
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The 2-chloro-1-formyl-3-hydroxymethylenecyclohexene  14  (1.96  g,  11.36  mmol,  1  eq) 
and 1,2,3,3-tetramethyl-3H-indolium iodide 2 (6.84 g, 22.72 mmol, 2 eq) were dissolved in 
a mixture of 1-butanol/toluene 7:3 (500 mL) and heated under reflux using Dean-Stark 
apparatus to remove water which is formed during the reaction. During the reaction the 
solution  turned  to  dark  green.  After  3  h  of  reflux  the  reaction  was  cooled  to  room 
temperature,  solvent  was  removed  under  reduced  pressure  and  the  crude  product  was 
purified by column chromatography (0-3 % MeOH/DCM) to give product 23 with 86 % 
yield (6.0 g, 9.82 mmol). Mw = 611.0 g/mol (C32H36ClIN2). 
 
Rf:    0.59 [DCM/MeOH 9:1 v/v] 
   
1H NMR   (400 MHz, DMSO)  8.24 (2 H, d, J = 14.2 Hz, H-9, H-13), 7.63 (2 H, d, J 
= 7.6 Hz, H-4, H-4′), 7.48 - 7.42 (4 H, m, H-6, H-6′, H-7, H-7′), 7.28 (2 H, 
ddd, J = 7.6, 5.1, 3.0 Hz, H-5, H-5′), 6.30 (2 H, d, J = 14.2 Hz, H-8, H-14), 
3.69 (6 H, s, N-CH3, N′-CH3), 2.72 (4 H, t, J = 5.8 Hz, H-15 ×2, H-17 ×2), 
1.89 - 1.81 (2 H, m, H-16), 1.67 (12 H, s, 3-CH3 ×2, 3′-CH3 ×2) ppm. 
 
13C NMR   (100 MHz, DMSO)  172.6 (2 C, C-2, C-2′), 147.6 (C-11), 142.8, 142.6 (C-
9, C-13), 141.0 (4 C, C-3a, C-3a′, C-7a, C-7a′), 128.5 (2 C, C-6, C-6′), 
126.0 (2 C, C-12, C-10), 125.1 (2 C, C-5, C-5′), 122.3 (2 C, C-4, C-4′), 
111.4 (2 C, C-7, C-7′), 101.8 (2 C, C-8, C-14), 48.8 (2 C, C-3, C-3′), 31.5 (2 
C, N-CH3, N′-CH3), 27.3 (4 C, 3-CH3 ×2, 3′-CH3 ×2), 25.9 (2 C, C-15, C-
17), 20.4 (C-16), ppm. Chapter 6 - Experimental 
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LRMS   [ESI+,  CH3CN]  calculated  mass:  483.26  for  C32H36ClN2
+  [M-I
-]
+;  found 
m/z: 483.3 (100 %), 484.4 (31.3 %), 485.3 (40.9 %), 486.4 (11.2 %), 487.4 
(2.3 %). 
 
HRMS   [ESI+, CH3CN] calculated mass: 483.2562 for C32H36ClN2
+ [M-I
-]
+; found 
m/z: 483.2559 
 
Data consistent with literature
245 
 
 
6.2.5.2.  Synthesis  of  2-[7-(2,3-Dihydro-1,3,3-trimethyl-1H-indol-2-ylidene)-4-(4-
carboxybutyl)amino-3,5-trimethylene-1,3,5-heptatrienyl]-1,3,3-trimethyl-3H-indolium 
Iodide (24) 
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The chloro-cyclohexenyl-Cy7 23 (4.0 g, 6.55 mmol, 1 eq) and 6-aminohexanoic acid (4.29 
g, 32.73 mmol, 5 eq) were dissolved in anhydrous DMF (240 mL) and anhydrous Et3N 
(4.70 mL, 32.73 mmol, 5 eq) was then added. The reaction mixture was heated at reflux 
under argon for 3 hours. During the reaction the solution changed from dark green to dark 
blue. The reaction mixture was cooled to room temperature and the solvent was removed 
under reduced pressure. The crude product was purified by column chromatography using 
an eluent of DCM with a gradient of MeOH (0-3 %). The pure fractions were collected, 
solvent was evaporated under reduced pressure and the final product 24 was dried in vacuo 
with 74 % yield (3.43 g, 4.85 mmol). Mw = 705.71 g/mol (C38H48IN3O2). 
 
Rf:    0.39 [DCM/MeOH 9:1 v/v] 
 
1H NMR   (400 MHz, DMSO)  11.99 (1 H, br. s., COOH), 8.51 (1 H, br. s., N-H), 
7.60 (2 H, d, J = 13.1 Hz, H-9, H-13), 7.44 (2 H, d, J = 7.6 Hz, H-4, H-4′), Chapter 6 - Experimental 
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7.30 (2 H, t, J = 7.6 Hz, H-6, H-6′), 7.14 (2 H, d, J = 8.1 Hz, H-7, H-7′), 
7.05 (2 H, t, J = 7.6 Hz, H-5, H-5′), 5.72 (2 H, d, J = 12.6 Hz, H-8, H-14), 
3.68 (2 H, d, J = 6.1 Hz, NCH2CH2CH2CH2CH2COOH), 3.43 (6 H, s, N-
CH3, N′-CH3), 2.50 (4 H, m, H-15 ×2, H-16 ×2), 2.21 (2 H, t, J = 7.1 Hz, 
NCH2CH2CH2CH2CH2COOH), 1.80  - 1.68 (4  H, m,  NCH2CH2CH2CH2-
CH2COOH, H-16 ×2), 1.59 (12 H, s, 3-CH3 ×2, 3′-CH3 ×2), 1.54 - 1.48 (2 
H,  m,  NCH2CH2CH2CH2CH2COOH),  1.35  (2  H,  quin,  J  =  7.5  Hz, 
NCH2CH2CH2CH2CH2COOH) ppm. 
 
13C NMR   (100 MHz, DMSO)  174.2 (COOH), 169.1 (C-11), 167.4 (2 C, C-2, C-2′), 
143.5 (2 C, C-7a, C-7a′), 139.6 (2 C, C-3a, C-3a′), 137.8 (2 C, C-9, C-13), 
128.0 (2 C, C-6, C-6′), 122.3 (2 C, C-5, C-5′), 121.9 (2 C, C-4, C-4′), 119.8 
(2  C,  C-10,  C-12),  108.9  (2  C,  C-7, C-7′),  94.3  (2  C,  C-8, C-14),  49.6 
(NCH2CH2CH2CH2CH2COOH),  47.0  (2  C,  C-3,  C-3′),  33.5  (NCH2CH2-
CH2CH2CH2COOH), 31.4 (C-16), 30.2 (2 C, N-CH3, N′-CH3), 28.2 (4 C, 3-
CH3 ×2, 3′-CH3 ×2), 25.7 (NCH2CH2CH2CH2CH2COOH), 24.7 (2 C, C-15, 
C-17), 24.1 (NCH2CH2CH2CH2CH2COOH), 21.3 (NCH2CH2CH2CH2CH2-
COOH) ppm. 
 
LRMS   [ESI+,  CH3CN]  calculated  mass:  578.37  for  C38H48N3O2
+  [M-I
-]
+;  found 
m/z: 578.5 (100 %), 579.6 (36.8 %), 580.6 (7.0 %). 
[ESI-, CH3CN] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS   [ESI+, CH3CN] calculated mass: 578.3741 for C38H48N3O2
+ [M-I
-]
+; found 
m/z: 578.3591 
 
Experimental procedure based on literature.
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6.2.5.3.  Synthesis  of  2-[7-(2,3-Dihydro-1,3,3-trimethyl-1H-indol-2-ylidene)-4-(4-
succinimidooxycarbonylbutyl)amino-3,5-trimethylene-1,3,5-heptatrienyl]-1,3,3-
trimethyl-3H-indolium Iodide (25) 
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Carboxy-Cy7 24 (1.20 g, 1.70 mmol, 1 eq) was dissolved in freshly distilled DCM (18 
mL),  then  DIPEA  (0.60  mL,  3.40  mmol,  2  eq)  was  added  under  argon.  The  reaction 
mixture was allowed to stirred for 5 min before N,N′-disuccinimidyl carbonate (0.48 g, 
1.87 mmol, 1.1 eq) was added. After 2.5 hours another 0.4 mL of DIPEA, following by 
0.55  eq  of  N,N′-disuccinimidyl  carbonate  were  added  and  the  reaction  was  stirred  for 
further  30  minutes.  The  reaction  mixture  was  washed  with  water,  1  M  aqueous 
hydrochloric acid, and brine. DCM layer was dried with sodium sulphate, filtered, and 
evaporated to dryness. The crude product was redissolved in a small amount of DCM and 
was triturated with diethyl ether. The precipitate was filtered off and dried under vacuo to 
give product 25 as a purple solid with 77 % yield (1.05 g, 1.31 mmol). Mw = 802.78 g/mol 
(C42H51IN4O4). 
 
Rf:    0.71 [CHCl3/MeOH 8:2 v/v] 
 
1H NMR   (400 MHz, DMSO)  8.67 (1 H, br. s., N-H), 7.61 (2 H, d, J = 15.6 Hz, H-9, 
H-13 ), 7.44 (2 H, d, J = 7.1 Hz, H-4, H-4′), 7.34 - 7.26 (2 H, m, H-6, H-6′), 
7.14 (2 H, d, J = 8.1 Hz, H-7, H-7′), 7.05 (2 H, t, J = 7.6 Hz, H-5, H-5′), 
5.72  (2  H,  d,  J  =  13.1  Hz,  H-8,  H-14),  3.69  (2  H,  m, 
NCH2CH2CH2CH2CH2COONHS), 3.43 (6 H, br. s. N-CH3, N′-CH3), 2.80 
(4  H,  s,  COCH2CH2CO),  2.68  (2  H,  t,  J  =  7.3  Hz, 
NCH2CH2CH2CH2CH2COONHS), 2.54 – 2.47 (4 H, m, H-15 ×2, H-17 ×2), Chapter 6 - Experimental 
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1.82 – 1.62 (6 H, m, H-16 ×2, NCH2CH2CH2CH2CH2COONHS), 1.59 (12 
H,  br.  s.,  3-CH3  ×2,  3′-CH3  ×2),  1.49  -  1.35  (2  H,  m, 
NCH2CH2CH2CH2CH2COONHS) ppm. 
 
13C NMR   (100 MHz, DMSO) C ,170.2 (2 C, COCH2CH2CO) 168.8 
(C-11), 167.3 (2 C, C-2, C-2′), 140.0, 143.6 (2 C, C-3a, C-3a′; 2 C, C-7a, C-
7a′), 137.7 (2 C, C-9, C-13), 128.0 (2 C, C-6, C-6′), 122.3 (2 C, C-5, C-5′), 
121.9 (2 C, C-4, C-4′), 119.8 (2 C, C-10, C-12), 108.9 (2 C, C-7, C-7′), 94.2 
(2 C, C-8, C-14), 49.4 (NCH2CH2CH2CH2CH2COONHS), 47.0 (2 C, C-3, 
C-3′),  30.1  (2  C,  N-CH3,  N′-CH3),  29.9  (NCH2CH2CH2CH2CH2COO-
NHS),  29.8  (C-16),  28.2  (4  C,  3-CH3  ×2,  3′-CH3  ×2),  25.4  (2  C, 
COCH2CH2CO), 25.2 (NCH2CH2CH2CH2CH2COONHS), 24.8 (2 C, C-15, 
C-17), 23.8 (NCH2CH2CH2CH2CH2COONHS), 21.3 (NCH2CH2CH2CH2-
CH2COONHS) ppm. 
 
LRMS   [ESI+,  CH3CN]  calculated  mass:  675.39  for  C42H51N4O4
+  [M-I
-]
+;  found 
m/z: 675.4 (100 %), 676.2 (1.3 %), 676.6 (37.9 %) 677.8 (8.7 %). 
[ESI-, CH3CN] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS   [ESI+, CH3CN] calculated mass: 675.3905 for C42H51N4O4
+ [M-I
-]
+; found 
m/z: 675.3895 
 
UV/Vis  (MeOH) λmax = 627 nm, ε = 90200 M
-1 cm
-1, λem = 740 nm. 
 
 Chapter 6 - Experimental 
 
  161 
6.2.6. Synthesis of Ethynyl-Cy5 
 
6.2.6.1.  Synthesis  of  2-[5-(2,3-Dihydro-1,3,3-trimethyl-1H-indol-2-ylidene)-1,3-
pentadienyl]-1-butyl-3,3-dimethyl-5-iodo-3H-indolium Iodide (26) 
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1,2,3,3-Tetramethyl-3H-indolium iodide 2 (1.0 g, 3.32 mmol, 1 eq) and malondialdehyde 
bis(phenylimine) monohydrochloride 13 (1.29 g, 4.98 mmol, 1.5 eq) in acetic anhydride 
(11  mL)  were  heated  at  reflux  under  argon.  After  30  minutes  of  heating  the  reaction 
mixture  was  cooled  to  room  temperature,  then  a  solution  of  1-buthyl-5-iodo-2,3,3-
tetramethyl-3H-indolium iodide 8 (2.65 g, 5.64 mmol, 1.7 eq) in anhydrous pyridine (12 
mL) was added and the reaction mixture was stirred under argon at ambient temperature 
for 2 hours. The solvent was removed in vacuo, the residue was dissolved in chloroform 
and precipitated with hexane. The supernatant was decanted off and the residual oil was 
dissolved  in  chloroform,  washed  with  water  and  0.1  M  HCl.  The  organic  layer  was 
separated, dried over sodium sulphate and the solvent was removed in vacuo. Column 
chromatography eluting with a gradient of MeOH (0-5 %) in DCM/EtOAc 1:1 afforded 
product 26 as a blue solid with 75 % yield (1.68 g, 2.48 mmol).  Mw = 678.43 g/mol 
(C30H36I2N2). 
 
Rf:     0.38 [DCM/MeOH 95:5 v/v] 
  
1H NMR   (400 MHz, MeOD) δ 8.31 – 8.18 (2 H, m, CH=CH-CH=CH-CH), 7.79 (1 
H, d, J = 1.6 Hz, H-4′), 7.71 (1 H, dd, J = 8.3, 1.6 Hz, H-6′), 7.52 (1 H, d, J 
= 7.5 Hz, H-4), 7.47 - 7.40 (1 H, m, H-6), 7.38 - 7.27 (2 H, m, H-5, H-7), 
7.05 (1 H, d, J = 8.4 Hz, H-7′), 6.65 (1 H, t, J = 12.4 Hz, CH=CH-CH=CH-
CH), 6.36, 6.21 (1 H, d, J = 13.8 Hz; 1 H, d, J = 13.6 Hz, CH=CH-CH=CH-
CH), 4.03 (2 H, t, J = 7.5 Hz, N′CH2CH2CH2CH3), 3.67 (3 H, s, N-CH3), 
1.74, 1.71 (6 H, s, 3-CH3 ×2; 6 H, s, 3′-CH3 ×2), 1.79 - 1.75 (2 H, m, Chapter 6 - Experimental 
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N′CH2CH2CH2CH3), 1.47 (2 H, dq, J = 15.2, 7.5 Hz, N′CH2CH2CH2CH3), 
1.01 (3 H, t, J = 7.4 Hz, N′CH2CH2CH2CH3) ppm. 
  
13C NMR   (100 MHz, MeOD)  δ 176.5 (C-2), 172.7 (C-2′), 156.2, 154.7 (CH=CH-
CH=CH-CH), 144.7, 144.0, 143.7, 142.8 (C-3a, C-3a′, C-7a, C-7a′), 138.6 
(C-6′), 132.5 (C-4′), 129.7 (C-6), 127.0 (CH=CH-CH=CH-CH), 126.7 (C-
5), 123.3 (C-4), 113.5 (C-7′), 112.2 (C-7), 105.5, 103.6 (CH=CH-CH=CH-
CH), 88.3 (C-5′), 50.8, 50.1 (C-3, C-3′), 44.6 (N′CH2CH2CH2CH3), 31.8 
(N-CH3),30.3 (N′CH2CH2CH2CH3) 27.9, 27.6 (2 C, 3-CH3 ×2; 2 C, 3′-CH3 
×2), 21.1 (N′CH2CH2CH2CH3), 14.1 (N′CH2CH2CH2CH3) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 551.19 for C30H36IN2
+ [M-I
-]
+; found m/z: 
551.2 (100 %), 552.3 (30.1 %), 553.3 (4.3 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS   [ESI+,  MeOH]  calculated  mass:  551.1918  for  C30H36IN2
+  [M-I
-]
+;  found 
m/z: 551.1921 
 
 
6.2.6.2.  Synthesis  of  2-[5-(2,3-Dihydro-1,3,3-trimethyl-1H-indol-2-ylidene)-1,3-
pentadienyl]-1-butyl-3,3-dimethyl-5-(trimethylsilyl)ethynyl-3H-indolium Iodide (27) 
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Iodo-Cy5 26 (6.02 g, 8.87 mmol, 1 eq) was dissolved in anhydrous DMF (30 mL), then 
anhydrous  triethylamine  (30  mL),  copper  (I)  iodide  (0.34  g,  1.77  mmol,  0.2  eq),  and 
(trimethylsilyl)acetylene  (6.27  mL,  44.37  mmol,  5  eq)  were  added  successively  under 
argon. After ten minutes of stirring the tetrakis(triphenylphosphine)palladium (0) (1.03 g, 
0.89 mmol, 0.1 eq) was added to the reaction mixture and it was stirred under argon at 
room  temperature  overnight.  After  24  hours  another  0.2  eq  of  CuI  and  5  eq  of Chapter 6 - Experimental 
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(trimethylsilyl)acetylene  were  added  and  the  reaction  mixture  was  heated  at  50  °C 
overnight. After a total of 48 hours the reaction mixture was cooled to room temperature, 
solvents  were  removed  under  reduced  pressure.  The  residue  was  purified  by  column 
chromatography (0-4 % MeOH/DCM) to give the product 27 with 58 % yield (3.32 g, 5.12 
mmol). Mw = 648.74 g/mol (C35H45IN2Si).  
 
Rf:     0.22 [DCM/MeOH 95:5 v/v]  
Rf:     0.67 [DCM/MeOH 9:1 v/v]  
 
1H NMR   (400 MHz, CDCl3) δ 8.18 - 8.05 (2 H, m, CH=CH-CH=CH-CH), 7.72 - 
7.63 (1 H, m, H-4′), 7.51 - 7.44 (1 H, m, H-6′), 7.44 - 7.36 (2 H, m, H-4, H-
6), 7.31 - 7.28 (1 H, m, H-5), 7.18 (1 H, d, J = 7.8 Hz, H-7), 6.97 (1 H, d, J 
= 8.2 Hz, H-7′), 6.88 (1 H, t, J = 12.6 Hz, CH=CH-CH=CH-CH), 6.47, 6.25 
(1 H, d, J = 13.8 Hz; 1 H, d, J = 13.4 Hz, CH=CH-CH=CH-CH), 4.01 (2 H, 
t, J = 7.5 Hz, N′CH2CH2CH2CH3), 3.77 (3 H, s, N-CH3), 1.81 - 1.77 (2 H, 
m, N′CH2CH2CH2CH3), 1.76, 1.75 (6 H, s, 3-CH3 ×2; 6 H, s, 3′-CH3 ×2), 
1.48 (2 H, dq, J = 15.2, 7.4 Hz, N′CH2CH2CH2CH3), 1.00 (3 H, t, J = 7.3 
Hz, N′CH2CH2CH2CH3), 0.27 (9 H, s, Si(CH3)3) ppm. 
 
13C NMR   (100  MHz,  CDCl3)  δ  174.4,  171.5  (C-2,  C-2′),  154.1,  152.8  (CH=CH-
CH=CH-CH), 142.5, 142.2, 141.1, 141.0 (C-3a, C-3a′, C-7a, C-7a′), 132.6 
(C-6′), 128.7 (C-6), 126.7 (CH=CH-CH=CH-CH), 125.7 (C-5), 122.2 (C-4), 
119.8 (C-4′), 119.1 (C-5′), 110.9 (C-7), 109.9 (C-7′), 105.1, 103.4 (CH=CH-
CH=CH-CH), 104.5 (C≡C-Si(CH3)3), 95.1 (C≡C-Si(CH3)3), 49.6, 48.8 (C-
3,  C-3′),  44.1  (N′CH2CH2CH2CH3),  32.8  (N-CH3),  29.3 
(N′CH2CH2CH2CH3), 28.1, 27.9 (2 C, 3-CH3 ×2;  2 C, 3′-CH3 ×2), 20.2 
(N′CH2CH2CH2CH3), 13.8 (N′CH2CH2CH2CH3), -0.1 (3 C, Si(CH3)3) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 521.33 for C35H45N2Si
+ [M-I
-]
+; found m/z: 
521.4 (100 %), 525.5 (41.6 %), 523.4 (12.3 %), 524.4 (1.8 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.8 (100 %). 
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6.2.6.3.  Synthesis  of  2-[5-(2,3-Dihydro-1,3,3-trimethyl-1H-indol-2-ylidene)-1,3-
pentadienyl]-1-butyl-3,3-dimethyl-5-ethynyl-3H-indolium Iodide (28) 
 
1
2
3
4
5
6
7
3a
7a 1'
2'
3'
4'
5'
6'
7'
3a'
7a' N+ N
I-
28
 
 
Silyl-ethynyl-Cy5 27 (3.18 g, 4.90 mmol, 1 eq) was dissolved in freshly distilled THF (135 
mL), then tetrabutylammonium fluoride (1 M solution in THF) (7.35 mL, 7.35 mmol, 1.5 
eq) was added and the reaction was carried out under argon, at room temperature. After 2 
hours the reaction mixture was  diluted with  DCM  and washed with  saturated aqueous 
sodium bicarbonate. The DCM layer was dried over anhydrous sodium sulphate, filtered, 
and  the  solvent  was  removed  in  vacuo.  The  green  residue  was  purified  by  column 
chromatography (0-10 % MeOH/DCM) to afford the product 28 as a red-gold foam with 
55 % yield (1.54 g, 2.67 mmol). Mw = 576.55 g/mol (C32H37IN2). 
 
Rf:    0.38 [DCM/MeOH 9:1 v/v]  
 
IR    (neat): 3235 (br, ≡CH, alkyne), 3050 (w, C-H, aromatic), 2958 (m, =CH, 
alkene), 2929 (m, C-H, alkyl), 2130 (w, C≡C, alkyne), 1672, 1599 (m, C=C, 
alkene), 1537-1449 (s, C-C, aromatic) cm
-1. 
 
1H NMR   (400 MHz, CDCl3) δ 8.16 - 7.97 (2 H, m, CH-CH=CH-CH=CH), 7.70 - 
7.58 (2 H, m, H-4′, H-5), 7.49 - 7.34 (3 H, m, H-4, H-6, H-6′), 7.16 (1 H, d, 
J = 7.5 Hz, H-7′), 6.99 - 6.93 (1 H, m, H-7), 6.83 (1 H, t, J = 12.3 Hz, CH-
CH=CH-CH=CH), 6.42 (1 H, d, J = 14.1 Hz, CH-CH=CH-CH=CH), 6.20 
(1  H,  d,  J  =  13.6  Hz,  CH-CH=CH-CH=CH),  3.98  (2  H,  t,  J  =  7.3  Hz, 
N′CH2CH2CH2CH3), 3.74 (3 H, s, N-CH3), 3.13 (1 H, s, C≡CH), 1.73 (12 H, 
s, 3-CH3 ×2, 3′-CH3 ×2), 1.70 - 1.62 (2 H, m, N′CH2CH2CH2CH3), 1.51 - 
1.36 (2 H, m, N′CH2CH2CH2CH3), 1.03 - 0.92 (3 H, m, N′CH2CH2CH2CH3) 
ppm. 
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13C NMR   (100 MHz, CDCl3) δ 174.8, 171.6 (C-2, C-2′), 154.4, 153.0 (CH-CH=CH-
CH=CH), 142.6, 142.6, 141.2, 138.5 (C-7a, C-7a′, C-3a, C-3a′), 133.0 (C-
4′), 132.2, 128.6 (C-6, C-6′) 126.9 (CH-CH=CH-CH=CH), 125.9, 122.4, (C-
4,  C-5),  118.2  (C-5′),  111.1,  110.1  (C-7,  C-7′),  105.3  (CH-CH=CH-
CH=CH), 103.5 (CH-CH=CH-CH=CH), 83.3 (C≡CH), 78.0 (C≡CH), 49.8, 
49.0  (C-3,  C-3′),  44.3  (N′CH2CH2CH2CH3),  33.0  (N-CH3),  29.5 
(N′CH2CH2CH2CH3), 28.3, 28.0 (2 C, 3-CH3 ×2;  2 C, 3′-CH3 ×2), 24.4 
(N′CH2CH2CH2CH3), 13.9 (N′CH2CH2CH2CH3) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 449.30 for C32H37N2
+ [M-I
-]
+; found m/z: 
449.3 (34.5 %), 450.4 (12.0 %), 451.5 (2.0 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.8 (100 %). 
 
HRMS   [ESI+, MeOH] calculated mass: 449.2951 for C32H37N2
+ [M-I
-]
+; found m/z: 
449.2949  
 
UV/Vis  (EtOH) λmax = 655 nm, λem = 675 nm, ʦ = 0.20 ﾱ 0.015 
  (MeOH) ε = 67000 M
-1 cm
-1.  
 
 
6.2.7. Synthesis of Phenyl-ethynyl-Cy5 NHS-ester 
 
6.2.7.1.  Synthesis  of  2-[5-(2,3-Dihydro-1,3,3-trimethyl-1H-indol-2-ylidene)-1,3-
pentadienyl]-1-butyl-3,3-dimethyl-5-(4-carboxyphenyl)ethynyl-3H-indolium Iodide (29) 
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Ethynyl-Cy5 28 (0.49 g, 0.85 mmol, 1eq) was dissolved in anhydrous DMF (5.44 mL) and 
triethylamine  (3.80  mL).  Then  copper  (I)  iodide  (0.04  g,  0.22  mmol,  0.26  eq)  and  4-
iodobenzoic  acid  (0.54  g,  2.17  mmol,  2.56  eq)  were  added  under  argon.  The  reaction 
mixture  was  stirred  under  argon  for  5  minutes  before  tetrakis(triphenylphosphine)-
palladium (0) (0.13 g, 0.11 mmol, 0.13 eq) was added. The reaction was stirred at room 
temperature, under argon. After 4 hours the reaction mixture was diluted in DCM (3 mL) 
and filtered through Celite. Solvents were removed under reduced pressure, the residue 
was co-evaporated with toluene, and dried over night in vacuo. The crude mixture was 
purified by column chromatography (3 % MeOH/DCM) to afford the product 29 with 17 
% yield (0.04 g, 0.14 mmol). Mw = 696.66 g/mol (C39H41IN2O2). 
 
Rf:    0.26 [DCM/MeOH 8:2 v/v] 
 
1H NMR   (300 MHz, CDCl3) δ 8.16 (1 H, d, J = 8.3 Hz, Ar-H), 7.96 - 8.11 (1 H, m, 
Ar-H), 7.66 - 7.44 (2 H, m, CH-CH=CH-CH=CH ), 7.44 - 7.32 (3 H, m, Ar-
H), 7.32 - 7.22 (4 H, m, Ar-H), 7.16 (1 H, d, J = 7.9 Hz, Ar-H), 6.96 (1 H, d, 
J = 8.3 Hz, Ar-H), 6.85 – 6.81 (1 H, m, CH-CH=CH-CH=CH), 6.41 - 6.24, 
5.78 (1 H, m; 1 H, d, J = 13.2 Hz, CH-CH=CH-CH=CH), 3.90 (3 H, s, 
NCH3),  3.84  -  3.80  (2  H,  m,  NCH2CH2CH2CH3),  1.49  -  1.35  (2  H,  m, 
NCH2CH2CH2CH3), 1.22 (12 H, s, 3-CH3 ×2, 3′-CH3 ×2), 1.18 - 1.10 (2 H, 
m, NCH2CH2CH2CH3), 1.01 (3 H, t, J = 7.2 Hz, NCH2CH2CH2CH3) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 569.32 for C39H41N2O2
+ [M-I
-]
+; found m/z: 
569.4 (100 %), 570.4 (39.3 %), 571.5 (8.8 %) [M]
+;
 591.4 (45.3 %), 592.5 
(18.1 %), 593.5 (1.1 %) [M+Na]
+. 
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6.2.7.2.  Synthesis  of  2-[5-(2,3-Dihydro-1,3,3-trimethyl-1H-indol-2-ylidene)-1,3-
pentadienyl]-1-butyl-3,3-dimethyl-5-(4-(succinimidooxycarbonyl)phenyl)ethynyl-3H-
indolium Iodide (30) 
1
2
3
4
5
6
7
3a
7a 1'
2'
3'
4'
5'
6'
7'
3a'
7a' N+ N
I-
30
O
O
N
O
O
 
Carboxyphenyl-ethynyl-Cy5 29 (0.04 g, 0.05 mmol, 1 eq) was dissolved in  anhydrous 
DCM (1 mL), followed by the addition of DIPEA (0.02 mL, 0.10 mmol, 2 eq) and N,N′-
disuccinimidyl carbonate (0.02 g, 0.06 mmol, 1.1 eq). The reaction mixture was stirred at 
room temperature under argon. After 2 hours 2.2 eq of DSC was added and reaction was 
carried on for another 2 hours, then it was diluted with DCM, washed with water, 1M HCl, 
and brine. The organic layer was separated, dried over sodium sulphate, filtered, and the 
solvent removed under reduced pressure. The residue was dissolved in a small amount of 
DCM and triturated with diethyl ether. The precipitate was filtered off, washed with Et2O 
and dried in vacuo to give product 30 as a purple solid with 41 % yield (17.0 mg, 0.02 
mmol). Mw = 793.73 g/mol (C43H44IN3O4). 
 
Rf:    0.35 [CHCl3/MeOH 8:2 v/v]   
 
IR (neat):  2961 (w, =CH, alkene), 2929 (w, C-H, alkyl), 2198 (w, C≡C, alkyne), 1768, 
1597  (m,  C=C,  alkene),  1735  (s,  C=O,  carbonyl),  1492-1458  (s,  C-C, 
aromatic) 1364, 1328 (s, C-N, amide), 1154 (s, C-O, ester) cm
-1. 
  
LRMS   [ESI+, MeOH] calculated mass: 666.33 for C43H44N3O4
+ [M-I
-]
+; found m/z: 
666.3 (100 %), 667.4 (18.4 %), 667.6 (32.8 %). 
 
HRMS   [ESI+, CH3CN] calculated mass: 666.3326 for C43H44N3O4
+ [M-I
-]
+; found 
m/z: 666.3319 
 
UV/Vis   (MeOH) λmax = 665 nm, ε = 147801 M
-1cm
-1, λem = 684 nm. Chapter 6 - Experimental 
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6.2.8. Synthesis of N-Pentynyl-Cy5 
 
6.2.8.1. Synthesis of 2-[5-(2,3-Dihydro-1-(4-pentynyl)-3,3-dimethyl-1H-indol-2-ylidene)-
1,3-pentadienyl]-1,3,3-trimethyl-3H-indolium Iodide (31) 
 
N+ N
I-
31
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1-(4-Pentynyl)-2,3,3-trimethyl-3H-indolium  iodide  4  (1.76  g,  5.0  mmol,  1  eq)  and 
malondialdehyde  bis(phenylimine)  monohydrochloride  13  (1.68  g,  6.50  mmol,  1.3  eq) 
were suspended in acetic anhydride (17 mL) and heated at reflux under argon. After 30 
minutes the reaction mixture was cooled to room temperature and the solution of 1,2,3,3-
tetramethyl-3H-indolium iodide 2 (3.01 g, 10.0 mmol, 2 eq) in anhydrous pyridine (21 mL) 
was added and the reaction mixture stirred under argon at ambient temperature for 15 
hours. The reaction mixture was precipitated with cold diethyl ether, the green solution 
was  decanted  off  and  the  precipitate  was  purified  by  column  chromatography  (0-5  % 
MeOH in EtOAc) to give the product 31 as purple foam with 83 % yield (2.34 g, 4.16 
mmol) as green-gold foam. Mw = 562.53 g/mol (C31H35IN2). 
 
Rf:     0.19 [DCM/EtOAc 1:1 v/v] 
Rf:     0.36 [EtOAc/MeOH 95:5 v/v]    
 
1H NMR   (400 MHz, CD3CN) δ 8.12, 8.11 (1 H, dd, J = 13.2, 12.8; 1 H, dd, J = 13.2, 
12.8, Hz, CH=CH-CH=CH-CH), 7.49, 7.47 (1 H, d, J = 7.2 Hz; 1 H, d, J = 
6.8 Hz; H-4, H-4′), 7.43 - 7.34 (2 H, m, H-6, H-6′), 7.30 - 7.19 (4 H, m, H-
5, H-5′, H-7, H-7′), 6.58 (1 H, t, J = 12.5 Hz, CH=CH-CH=CH-CH), 6.29, 
6.26 (1 H, d, J = 13.6 Hz; 1 H, d, J = 14.0 Hz, CH=CH-CH=CH-CH) 4.11 
(2 H, t, J = 8.0 Hz, NCH2CH2CH2C≡CH), 3.57 (3 H, s, N′-CH3), 2.41 - 2.32 
(3 H, m, NCH2CH2CH2C≡CH), 1.99 - 1.94 (2 H, m, NCH2CH2CH2C≡CH), 
1.68 (12 H, s, 3-CH3 ×2, 3′-CH3 ×2) ppm. 
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13C NMR   (100  MHz,  CD3CN)  δ  175.5,  174.0  (C-2,  C-2′),  155.2,  154.7  (CH=CH-
CH=CH-CH), 144.0, 143.4, 142.5, 142.3 (C-3a, C-3a′, C-7a, C-7a′), 129.5, 
129.6 (C-6, C-6′), 126.2 (2 C, C-5, C-5′), 125.8 (CH=CH-CH=CH-CH), 
123.3, 123.2 (C-4, C-4′), 112.0, 111.7 (C-7, C-7′), 104.7, 103.8 (CH=CH-
CH=CH-CH),  84.1  (C≡CH),  71.3  (C≡CH),  50.3,  50.1  (C-3,  C-3′),  43.8 
(NCH2CH2CH2C≡CH), 32.4 (N′-CH3), 27.9, 27.6 (2 C, 3-CH3 ×2; 2 C, 3′-
CH3 ×2), 26.9 (NCH2CH2CH2C≡CH), 16.5 (NCH2CH2CH2C≡CH) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 435.28 for C31H35N2
+ [M-I
-]
+; found m/z: 
435.2 (100 %), 436.3 (32.3 %), 437.3 (5.0 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.8 (100 %). 
 
HRMS   [ES] calculated mass: 435.2795 for C31H35N2
+ [M-I
-]
+; found m/z: 435.2789 
 
UV/Vis  (EtOH) λmax = 645 nm, λem = 664 nm, ʦ = 0.24 ﾱ 0.015. 
  (MeOH) ε = 230000 M
-1 cm
-1.  
 
 
6.2.9. Synthesis of Ethynyl-Cy5.25 
 
6.2.9.1.  Synthesis  of  2-[5-(2,3-Dihydro-1,3,3-trimethyl-1H-benz[e]indol-2-ylidene)-1,3-
pentadienyl]-5-iodo-1,3,3-trimethyl-3H-indolium Iodide (32) 
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1,2,3,3-Tetramethylbenz[e]indolium  iodide  11  (5.0  g,  14.24  mmol,  1  eq)  and 
malondialdehyde bis(phenylimine) monohydrochloride 13 (4.42 g, 17.08 mmol, 1.2 eq) in 
acetic anhydride (42 mL) were heated at reflux under argon. After 30 minutes of heating 
the reaction mixture was cooled to room temperature and a solution of 5-iodo-1,2,3,3-
tetramethyl-3H-indolium iodide 7 (7.30 g, 17.08 mmol, 1.2 eq) in anhydrous pyridine (36 Chapter 6 - Experimental 
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mL) was added. The reaction mixture was stirred under argon at ambient temperature for 
24  hours  then  precipitated  with  diethyl  ether.  The  solid  was  filtered  off,  washed  with 
diethyl  ether  and  dried  in  vacuo.  The  crude  product  was  purified  by  column 
chromatography (0-2 % MeOH/DCM) to  give compound 32 with 81 % yield (7.90  g, 
11.51 mmol). Mw = 686.41 g/mol (C31H32I2N2). 
 
Rf:    0.57 [DCM/MeOH 9:1 v/v] 
 
1H NMR   (400  MHz,  DMSO)  δ  8.43  (2  H,  dd,  J  =  13.8,  12.3  Hz,  CH-CH=CH-
CH=CH), 8.23 (1 H, d, J = 8.0 Hz, H-5), 8.09 (1 H, d, J = 9.0 Hz, H-10), 
8.05 (1 H, d, J = 8.0 Hz, H-8), 7.97 (1 H, d, J = 2.0 Hz, H-4′), 7.78 (1 H, d, 
J = 9.0 Hz, H-11), 7.71 - 7.63 (2 H, m, H-6, H-6′), 7.51 (1 H, t, J = 7.8 Hz, 
H-7), 7.14 (1 H, d,  J = 8.5 Hz, H-7′), 6.55 (1 H, t,  J = 12.3 Hz, CH-
CH=CH-CH=CH), 6.40, 6.15 (1 H, d, J = 14.1 Hz, CH-CH=CH-CH=CH; 1 
H, d, J = 13.6 Hz, CH-CH=CH-CH=CH), 3.79, 3.52 (3 H, s, N-CH3; 3 H, s, 
N′-CH3), 1.91, 1.65 (6 H, s, 3-CH3 ×2; 6 H, s, 3′-CH3 ×2) ppm. 
 
13C NMR  (100 MHz, DMSO) δ 175.6, 170.8 (C-2, C-2′), 153.9, 152.7 (CH-CH=CH-
CH=CH), 143.2, 142.8 (C-3a′, C-7a′), 140.2 (C-11a), 136.7 (C-6′), 133.6 
(C-3a),  131.5  (C-9),  130.9,  130.2,  129.9  (C-4′,  C-10,  C-8),  127.8  (CH-
CH=CH-CH=CH),  127.3  (C-4),  125.4,  125.0  (C-7,  C-6),  122.2  (C-5), 
112.6, 111.8 (C-11, C-7′), 104.3, 102.3 (CH-CH=CH-CH=CH), 87.9 (C-5′), 
51.0, 48.4 (C-3, C-3′), 31.9, 30.9 (N-CH3, N′-CH3), 26.9, 26.4 (2 C, 3-CH3 
×2; 2 C, 3′-CH3 ×2) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 559.16 for C31H32IN2
+ [M-I
-]
+; found m/z: 
559.2 (100 %), 560.3 (29.6 %), 561.3 (4.6 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS    [ESI+,  MeOH]  calculated  mass:  559.1605  for  C31H32IN2
+  [M-I
-]
+;  found 
m/z: 559.1599 
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6.2.9.2.  Synthesis  of  2-[5-(2,3-Dihydro-1,3,3-trimethyl-1H-benz[e]indol-2-ylidene)-1,3-
pentadienyl]-5-(trimethylsilyl)ethynyl-1,3,3-trimethyl-3H-indolium Iodide (33) 
 
1
2
3
4
5
6
7
3a
1'
2'
3'
4'
5'
6'
7'
3a'
7a'
8
9
10
11
11a N+
I-
33
N
Si
 
 
Iodo-Cy5.25 32 (7.80 g, 11.36 mmol, 1 eq) was dissolved in anhydrous DMF (57 mL) and 
triethylamine  (40  mL),  then  copper  (I)  iodide  (0.43  g,  2.27  mmol,  0.2  eq)  and 
(trimethylsilyl)acetylene (8.03 mL, 56.80 mmol, 5 eq) were added. The reaction mixture 
was stirred for 10 minutes, before tetrakis(triphenylphosphine)palladium (0) (1.31 g, 1.14 
mmol, 0.1 eq) was added and the reaction mixture was  stirred at room temperature, under 
argon  for  14  hours.  The  reaction  was  not  yet  completed  and  additional  amount  of 
(trimethylsilyl)acetylene (8.03 mL, 56.80 mmol, 5 eq), and copper (I) iodide (0.43 g, 2.27 
mmol,  0.2  eq)  were  added  and  the  reaction  continued  for  48  h  in  total.  The  reaction 
mixture  was  filtered  through  Celite,  then  diluted  with  DCM  and  washed  with  sodium 
bicarbonate and brine. The organic layer was dried over sodium sulphate, filtered, and the 
solvent was removed in vacuo. The crude mixture was purified by column chromatography 
(0-5 % MeOH/DCM) to afford the product 33 with 69 % yield (5.13 g, 7.81 mmol). Mw = 
656.71 g/mol (C36H41IN2Si).  
 
Rf:    0.54 [DCM/MeOH 9:1 v/v] 
 
1H NMR   (400 MHz, DMSO) δ 8.46 (2 H, t, J = 12.8 Hz, CH-CH=CH-CH=CH), 8.24 
(1 H, d, J = 8.5 Hz, H-5), 8.10 (1 H, d, J = 9.0 Hz, H-10), 8.05 (1 H, d, J = 
7.5 Hz, H-8), 7.81 (1 H, dd, J = 8.8, 1.8 Hz, H-11), 7.70 (1 H, s, H-4′), 7.67 
(1 H, d, J = 8.5 Hz, H-6), 7.52 (1 H, t, J = 6.8 Hz, H-7), 7.44 (1 H, d, J = 8.0 
Hz, H-6′), 7.28 (1 H, d, J = 8.0 Hz, H-7′), 6.57 (1 H, t, J = 11.8 Hz, CH-
CH=CH-CH=CH), 6.46 (1 H, d, J = 13.6 Hz, CH-CH=CH-CH=CH), 6.16 
(1 H, d, J = 13.1 Hz, CH-CH=CH-CH=CH), 3.8 (3 H, s, N-CH3), 3.54 (3 H, 
s, N′-CH3), 1.91 (6 H, s, 3-CH3 ×2), 1.66 (6 H, s, 3′-CH3 ×2), 0.21 (9 H, s, 
Si(CH3)3) ppm. Chapter 6 - Experimental 
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13C NMR   (100 MHz, DMSO) δ 176.0, 171.0 (C-2, C-2′), 154.1, 152.6 (CH-CH=CH-
CH=CH), 143.4 (C-7a′), 141.0 (C-3a′), 140.1 (C-11a), 133.8 (C-3a), 132.1 
(C-6′),  131.6  (C-9),  130.2,  129.9  (C-10,  C-8), 127.8  (C-6),  127.3  (C-4), 
125.7, 125.6 (C-7, C-4′), 125.1 (CH-CH=CH-CH=CH), 122.2 (C-5), 117.0 
(C-5′),  111.9  (C-11),  110.4  (C-7′),  105.5  (C≡C-Si(CH3)3),  104.8,  102.5 
(CH-CH=CH-CH=CH), 93.7 (C≡C-Si(CH3)3), 51.1, 48.1 (C-3, C-3′), 32.0 
(N-CH3), 30.8 (N′-CH3), 27.0 (2 C, 3-CH3 ×2), 26.3 (2 C, 3′-CH3 ×2), -0.1 
(3 C, C≡C-Si(CH3)3) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 529.30 for C36H41N2Si
+ [M-I
-]
+; found m/z: 
529.4 (100 %), 530.5 (42.3 %), 531.5 (8.4 %), 531.5 (4.7 %) 532.5 (1.4 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS  [ESI+, MeOH] calculated mass: 529.3034 for C36H41N2Si
+ [M-I
-]
+; found 
m/z: 529.3031   
 
 
6.2.9.3.  Synthesis  of  2-[5-(2,3-Dihydro-1,3,3-trimethyl-1H-benz[e]indol-2-ylidene)-1,3-
pentadienyl]-5-ethynyl-1,3,3-trimethyl-3H-indolium Iodide (34) 
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Silyl-ethynyl-Cy5.25 33 (4.89 g, 7.44 mmol, 1 eq) was dissolved in anhydrous THF (70 
mL), then 1 M solution of tetrabutylammonium fluoride in THF (11.16 mL, 11.16 mmol, 
1.5  eq)  was  added  and  the  reaction  stirred  under  argon,  at  room  temperature  for  15 
minutes.  The  reaction  mixture  was  diluted  with  DCM,  washed  with  saturated  sodium 
hydrogen carbonate and potassium iodide aqueous solutions, dried over sodium sulphate, 
filtered, and evaporated. The crude product was purified by column chromatography (0-3 
% MeOH/DCM) to give compound 34 as a red-gold foam with 82 % yield (3.58 g, 6.12 
mmol). Mw = 584.53 g/mol (C33H33IN2). 
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Rf:    0.46 [DCM/MeOH 9:1 v/v] 
 
1H NMR   (400 MHz, DMSO) δ 8.47 (2 H, t, J = 13.0 Hz, CH-CH=CH-CH=CH), 8.26 
(1 H, d, J = 7.0 Hz, H-5), 8.11 (1 H, dd, J = 8.8, 2.3 Hz, H-10), 8.07 (1 H, d, 
J = 8.5 Hz, H-8), 7.80 (1 H, d, J = 8.8, Hz, H-11), 7.73 (1 H, s, H-4′), 7.69 
(1 H, t, J = 8.0 Hz, H-6), 7.57 - 7.45 (2 H, m, H-7, H-6′), 7.29 (1 H, dd, J = 
8.0, 2.5 Hz, H-7′), 6.59 (1 H, t, J = 12.3 Hz, CH-CH=CH-CH=CH), 6.46 (1 
H, d, J = 14.6 Hz, CH-CH=CH-CH=CH), 6.17 (1 H, d, J = 13.6 Hz, CH-
CH=CH-CH=CH), 4.18 (1 H, d, J = 2.5 Hz, C≡CH), 3.80 (3 H, s, N-CH3), 
3.54 (3 H, s, N′-CH3), 1.94 (6 H, s, 3-CH3 ×2), 1.68 (6 H, s, 3′-CH3 ×2) 
ppm. 
 
13C NMR   (100 MHz, DMSO) δ 176.0, 171.0 (C-2, C-2′), 154.0, 152.5 (CH-CH=CH-
CH=CH), 143.4 (C-7a′), 141.0 (C-3a′), 140.1 (C-11a), 133.8 (C-3a), 132.2 
(C-6′),  131.6  (C-9),  130.2,  129.9  (C-10,  C-8), 127.8  (C-6),  127.3  (C-4), 
125.6, 125.5 (C-7, C-4′), 125.1 (CH-CH=CH-CH=CH), 122.2 (C-5), 116.6 
(C-5′),  111.8  (C-11),  110.4  (C-7′),  104.7,  102.4  (CH-CH=CH-CH=CH), 
83.7 (C≡CH), 80.5 (C≡CH), 51.1, 48.1 (C-3, C-3′), 32.0, 30.8 (N-CH3, N′-
CH3), 27.0, 26.4 (2 C, 3-CH3 ×2; 2 C, 3′-CH3 ×2) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 457.26 for C33H33N2
+ [M-I
-]
+; found m/z: 
457.3 (100 %), 458.3 (33.7 %), 459.3 (6.0 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
 
HRMS    [ESI+, MeOH] calculated mass: 457.2638 for C33H33N2
+ [M-I
-]
+; found m/z: 
457.2628 
 
UV/Vis  (EtOH) λmax = 673 nm, λem = 693 nm, ʦ = 0.08 ﾱ 0.003. 
  (MeOH) ε = 135000 M
-1 cm
-1.  
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6.2.10. Synthesis of N-pentynyl-Cy5.5 
 
6.2.10.1. Synthesis of 2-[5-(2,3-Dihydro-1,3,3-trimethyl-1H-benz[e]indol-2-ylidene)-1,3-
pentadienyl]-3,3-dimethyl-1-(4-pentynyl)-3H-benz[e]indolium Iodide (35) 
 
1
2
3
4
5
6
7
3a
1'
2'
3'
4'
5'
6'
7'
3a'
11a'
8
9
10
11
11a
8'
9'
10'
11' N+
I-
N
35
 
 
1,2,3,3-Tetramethylbenz[e]indolium  iodide  11  (5.0  g,  14.24  mmol,  1  eq)  and 
malondialdehyde bis(phenylimine) monohydrochloride 13 (4.42 g, 17.08 mmol, 1.2 eq) in 
acetic anhydride (42 mL) was heated at reflux under argon. After 30 minutes the reaction 
mixture  was  cooled  to  room  temperature  and  a  solution  of  1-pentynyl-2,3,3-
trimethylbenz[e]indolium iodide 12 (6.0 g, 14.88 mmol, 1.05 eq) in anhydrous pyridine (36 
mL)  was  added  and  the  reaction  mixture  stirred  under  argon  at  ambient  temperature 
overnight.  The  reaction  mixture  was  precipitated  with  diethyl  ether  and  the  solid  was 
filtered off, washed with diethyl ether and dried in vacuo. Column chromatography (0-2 % 
MeOH/DCM)  provided  product  35  as  a  red-gold  foam  with  53  %  yield  (5.02  g,  7.57 
mmol). Mw = 662.64 g/mol (C39H39IN2). 
 
Rf:    0.53 [DCM/MeOH 9:1 v/v] 
 
1H NMR   (400  MHz,  DMSO)  δ  8.46  (2  H,  td,  J  =  13.1,  7.0  Hz,  CH-CH=CH-
CH=CH), 8.26, 8.24 (1 H, d, J = 7.2 Hz; 1 H, d, J = 8.4 Hz, H-5, H-5′), 8.12 
- 8.02 (4 H, m, H-8, H-8′, H-10, H-10′), 7.76, 7.73 (1 H, d, J = 8.8 Hz; 1 H, 
d, J = 9.0 Hz, H-11, H-11′), 7.71 - 7.64 (2 H, m, H-6, H-6′), 7.54 - 7.46 (2 
H, m, H-7, H-7′), 6.62 (1 H, t, J = 12.3 Hz, CH-CH=CH-CH=CH), 6.39 (1 
H, d, J = 5.0 Hz, CH-CH=CH-CH=CH), 6.36 (1 H, d, J = 5.5 Hz, CH-
CH=CH-CH=CH), 4.27 (2 H, t, J = 7.0 Hz, NCH2CH2CH2C≡CH), 3.76 (3 
H, s, N′-CH3), 2.98 (1 H, t, J = 2.8 Hz, C≡CH), 2.39 (2 H, td, J = 7.0, 2.5 Chapter 6 - Experimental 
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Hz, NCH2CH2CH2C≡CH), 1.97, 1.96 (6 H, s, 3-CH3 ×2; 6 H, s, 3′-CH3 ×2), 
1.93 - 1.90 (2 H, m, NCH2CH2CH2C≡CH) ppm. 
 
13C NMR  (100 MHz, DMSO) δ 174.7, 173.2 (C-2, C-2′), 153.1, 152.6 (CH-CH=CH-
CH=CH), 140.3, 139.7 (C-11a, C-11a′), 133.2, 132.8 (C-3a, C-3a′), 131.4, 
131.3 (C-9, C-9′), 130.2 (2 C, C-10, C-10′), 129.9 (2 C, C-8, C-8′), 128.6 (2 
C, C-6, C-6′), 127.7 (2 C, C-4, C-4′), 125.5 (CH-CH=CH-CH=CH), 124.8, 
124.6  (C-7,  C-7′),  122.2,  122.0  (C-5,  C-5′),  111.6,  111.2  (C-11,  C-11′), 
103.5,  102.3  (CH-CH=CH-CH=CH),  83.5  (C≡CH),  72.2  (C≡CH),  50.7, 
50.5 (C-3, C-3′), 42.5 (NCH2CH2CH2C≡CH), 31.7 (N′-CH3), 26.8, 26.6 (2 
C,  3-CH3  ×2;  2  C,  3′-CH3  ×2),  26.1  (NCH2CH2CH2C≡CH),  15.2 
(NCH2CH2CH2C≡CH) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 535.31 for C39H39N2
+ [M-I
-]
+; found m/z: 
535.4 (100 %), 536.4 (38.9 %), 537.5 (7.8 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS  [ESI+, MeOH] calculated mass: 535.3108 for C39H39N2
+ [M-I
-]
+; found m/z: 
535.3100 
 
UV/Vis  (EtOH) λmax = 682 nm, λem = 704 nm, ʦ = 0.11 ﾱ 0.006. 
  (MeOH) ε = 260000 M
-1 cm
-1.  Chapter 6 - Experimental 
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6.2.11. Synthesis of Phenyl-ethynyl-Cy5.25 
 
6.2.11.1. Synthesis of 2-[5-(2,3-Dihydro-1,3,3-trimethyl-1H-benz[e]indol-2-ylidene)-1,3-
pentadienyl]-5-(4-trimethylsilylethynylphenyl)ethynyl-1,3,3-trimethyl-3H-indolium 
Iodide (36) 
N+
I-
N
Si
36
1
2
3
4
5
6
7
3a
11a
1'
2'
3'
4'
5'
6'
7'
3a'
7a'
12
13
14
13
14
15
8
10
9
11
 
 
Ethynyl-Cy5.25 34 (1.0 g, 1.71 mmol, 1 eq) was dissolved in anhydrous DMF (9 mL) and 
triethylamine  (6  mL),  then  the  copper  (I)  iodide  (0.07  g,  0.34  mmol,  0.2  eq)  and  (4-
iodophenyl)-trimethylsilane (2.05 g, 6.84 mmol, 4 eq) were added. The reaction mixture 
was stirred for 10 minutes before tetrakis(triphenylphosphine)palladium (0) (0.20 g, 0.17 
mmol, 0.1 eq) was added and the reaction was continued to stir at room temperature, under 
argon for 24 hours. The reaction mixture was filtered through Celite to remove palladium, 
diluted with DCM and washed with water and brine. The organic layer was separated, 
dried  over  sodium  sulphate,  filtered,  and  the  solvent  removed  in  vacuo.  Column 
chromatography (0-3 % MeOH/DCM) afforded the product 36 with 60 % yield (0.78 g, 
1.03 mmol). Mw = 756.83 g/mol (C44H45IN2Si).  
 
Rf:    0.36 [DCM/MeOH 95:5 v/v] 
 
1H NMR  (400 MHz, DMSO) δ 8.34 - 8.28 (2 H, m, CH-CH=CH-CH=CH), 8.25 (1 
H, d, J = 8.6 Hz, H-5), 8.11 (1 H, d, J = 8.6 Hz, H-10), 8.06 (1 H, d, J = 7.1 
Hz, H-8), 7.84 - 7.78 (2 H, m, H-11, H-4′), 7.72 - 7.65 (1 H, m, H-6), 7.58 - 
7.53 (1 H, m, H-6′), 7.53 - 7.46 (5 H, m, H-7, H-13 ×2, H-14 ×2), 7.35 (1 H, 
d, J = 8.1 Hz, H-7′), 6.58 (1 H, t, J = 12.4 Hz, CH-CH=CH-CH=CH), 6.46, 
6.18 (1 H, d, J = 14.2 Hz; 1 H, d, J = 13.1 Hz, CH-CH=CH-CH=CH), 3.82, 
3.56 (3 H, s, N-CH3; 3 H, s, N′-CH3), 1.90, 1.69 (6 H, s, 3-CH3 ×2; 6 H, s, 
3′-CH3 ×2), 0.24 (9 H, s, Si(CH3)3) ppm. 
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13C NMR   (100 MHz, DMSO) δ 176.1, 170.8 (C-2, C-2′), 154.1, 152.4 (CH-CH=CH-
CH=CH), 143.6 (C-7a′), 141.2 (C-3a′), 140.1 (C-11a), 133.9 (C-3a), 132.0 
(C-6′), 131.9, 131.4 (2 C, C-13 ×2; 2 C, C-14 ×2), 131.6 (C-9), 130.1, 129.9 
(C-8, C-10), 127.8 (C-6), 127.3 (C-4), 125.8, 125.4, 125.0 (CH-CH=CH-
CH=CH, C-7, C-4′), 122.9 (C-5), 122.3, 122.0 (C-12, C-15), 116.7 (C-5′), 
111.9,  110.6  (C-11,  C-7′),  104.9  (C≡C-Si(CH3)3),  104.6,  102.6  (CH-
CH=CH-CH=CH),  96.5  (C≡C-Si(CH3)3),  92.2  (C
5′-C≡C-C
12),  88.8  (C
5′-
C≡C-C
12), 51.2, 48.1 (C-3, C-3′), 32.0, 30.7 (N-CH3, N′-CH3), 27.1, 26.4 (2 
C, 3-CH3 ×2; 2 C, 3′-CH3 ×2), -0.2 (3 C, Si(CH3)3) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 629.33 for C44H45N2Si
+ [M-I
-]
+; found m/z: 
629.5 (100 %), 630.6 (54.1 %), 631.6 (15.5 %), 632.6 (3.7 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS  [ESI+, MeOH] calculated mass: 629.3347 for C44H45N2Si
+ [M-I
-]
+; found 
m/z: 629.3349 
 
 
6.2.11.2. Synthesis of 2-[5-(2,3-Dihydro-1,3,3-trimethyl-1H-benz[e]indol-2-ylidene)-1,3-
pentadienyl]-5-(4-ethynylphenyl)ethynyl-1,3,3-trimethyl-3H-indolium Iodide (37) 
 
N+
I-
N
1
2
3
4
5
6
7
3a
11a
1'
2'
3'
4'
5'
6'
7'
3a'
7a'
12
13
14
13
14
15
8
10
9
11
37  
 
Silyl-ethynyl-Cy5.25 36 (0.82 g, 1.09 mmol, 1 eq) was dissolved in anhydrous THF (13 
mL), then a 1 M solution of tetrabutylammonium fluoride in THF (1.63 mL, 1.63 mmol, 
1.5 eq) was added and the reaction was stirred under argon, at room temperature for 10 
minutes.  The  reaction  mixture  was  diluted  with  DCM,  washed  with  sodium  hydrogen 
carbonate and potassium iodide aqueous solutions, dried over sodium sulphate, filtered, 
and  the  solvent  was  removed  in  vacuo.  The  crude  product  was  purified  by  column Chapter 6 - Experimental 
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chromatography (0-2 % MeOH/DCM) to give the compound 37 as a red-gold foam with 
54 % yield (0.40 g, 0.58 mmol). Mw = 684.65 g/mol (C41H37IN2). 
 
Rf:    0.16 [DCM/MeOH 95:5 v/v] 
 
1H NMR  (400 MHz, DMSO) δ 8.51 - 8.38 (2 H, m, CH-CH=CH-CH=CH), 8.25 (1 
H, d, J = 8.4 Hz, H-5), 8.11 (1 H, d, J = 9.1 Hz, H-10), 8.09 - 8.04 (1 H, m, 
H-8), 7.84 - 7.78 (2 H, m, H-11, H-4′), 7.65 - 7.59 (1 H, m, H-6), 7.59 – 
7.54 (1 H, m, H-6′), 7.53 – 7.48 (5 H, m, H-7, H-13 ×2, H-14 ×2), 7.35 (1 
H, d, J = 8.6 Hz, H-7′), 6.58 (1 H, t, J = 12.1 Hz, CH-CH=CH-CH=CH), 
6.45, 6.18 (1 H, d, J = 14.2 Hz; 1 H, d, J = 13.1 Hz, CH-CH=CH-CH=CH), 
4.37 (1 H, s, C≡CH), 3.81, 3.56 (3 H, s, N-CH3; 3 H, s, N′-CH3), 1.93, 1.70 
(6 H, s, 3-CH3 ×2; 6 H, s, 3′-CH3 ×2) ppm. 
 
13C NMR   (100 MHz, DMSO) δ 176.1, 170.8 (C-2, C-2′), 154.1, 152.4 (CH-CH=CH-
CH=CH), 143.5 (C-7a′), 141.1 (C-3a′), 140.1 (C-11a), 133.9 (C-3a), 132.0, 
131.3 (2 C, C-13 ×2; 2 C, C-14 ×2), 131.6, 131.4 (C-9, C-6′), 130.3, 129.9 
(C-8, C-10), 127.8 (C-4), 127.3 (C-6), 125.4, 125.1 (C-7, C-4′),  125.8 (CH-
CH=CH-CH=CH), 122.9, 121.6 (C-12, C-15), 122.3 (C-5), 116.7 (C-5′), 
111.9 (C-11), 110.5 (C-7′), 104.8, 102.5 (CH-CH=CH-CH=CH), 91.9 (C
5′-
C≡C-C
12), 88.7 (C
5′-C≡C-C
12), 83.0, 82.9 (C≡CH), 51.2, 48.1 (C-3, C-3′), 
32.0, 30.8 (N-CH3, N′-CH3), 27.1, 26.4 (2 C, 3-CH3 ×2; 2 C, 3′-CH3 ×2) 
ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 557.30 for C41H37N2
+ [M-I
-]
+; found m/z: 
557.4 (100 %), 558.5 (43.7 %), 559.5 (8.1 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS  [ESI+, MeOH] calculated mass: 557.2951 for C41H37N2
+ [M-I
-]
+; found m/z: 
557.2948 
 
UV/Vis  (EtOH) λmax = 680 nm, λem = 703 nm, ʦ = 0.10 ± 0.012 
  (MeOH) ε = 201000 M
-1 cm
-1.  Chapter 6 - Experimental 
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6.2.12. Synthesis of Ethynyl-Cy3 
 
6.2.12.1.  Synthesis  of  5-Iodo-1,3,3-trimethyl-2-[(E)-2-(phenylamino)ethenyl]-3H-
indolium Iodide (38) 
N+
I-
H
N
38
I
1
10
9
10
11 7
6
5
4
9
8
3
2
7a
3a
 
 
1-Buthyl-5-iodo-2,3,3-trimethyl-3H-indolium iodide 8 (2.74 g, 5.84 mmol, 1 eq) and N,N′-
diphenylformamidine (1.26 g, 6.42 mmol, 1.1 eq) were suspended in ethanol (18 mL), then 
triethylorthoformate (1.10 mL, 6.42 mmol, 1.1 eq) was added and the suspension heated to 
reflux. After 6 hours, the reaction mixture was cooled to room temperature then kept on ice 
for  5  minutes  to  improve  precipitation.  The  precipitate  was  filtered  off,  washed  with 
diethyl ether, and dried in vacuo to give the product 38 as a red solid (2.93 g, 5.13 mmol) 
with 88 % yield. Mw = 572.26 g/mol (C22H26I2N2). 
 
Rf:    0.58 [DCM/MeOH 9:1 v/v] 
 
1H NMR   (400 MHz, DMSO) δ  11.97 (1 H, br. s., N-H), 8.68 (1 H, dd, J = 12.3, 1.76 
Hz, CH=CH-NHPh), 8.09 (1 H, s, H-4), 7.82 - 7.75 (1 H, m, H-6), 7.58 - 
7.42 (4 H, m, H-9 ×2, H-10 ×2), 7.38 (1 H, dd, J = 8.5, 2.0 Hz, H-7), 7.33 - 
7.26 (1 H, m, H-11), 6.19 (1 H, dd, J = 12.1, 1.5 Hz, CH=CH-NHPh), 4.06 
(2 H, t, J = 6.8 Hz, NCH2CH2CH2CH3), 1.70 (3 H, s, 3-CH3), 1.69 (3 H, s, 
3-CH3), 1.75  - 1.63  (2  H, m,  NCH2CH2CH2CH3), 1.46  -  1.35  (2 H,  m, 
NCH2CH2CH2CH3),  0.94  (3  H,  td,  J  =  7.3,  2.0  Hz,  NCH2CH2CH2CH3) 
ppm. 
 
13C NMR   (100 MHz, DMSO) δ  176.9 (C-2), 152.1 (CH=CH-NHPh), 143.4, 141.4 
(C-3a, C-7a), 138.3 (C-8), 137.0 (C-6), 131.2 (C-4), 129.8 (2 C, C-10 ×2), 
126.3 (C-11), 118.4 (2 C, C-9 ×2), 113.9 (C-7), 91.2 (CH=CH-NHPh), 90.2 
(C-5),  49.5  (C-3),  44.0  (NCH2CH2CH2CH3),  28.6  (NCH2CH2CH2CH3), 
27.5 (2 C, 3-CH3 ×2), 19.5 (NCH2CH2CH2CH3), 13.7 (NCH2CH2CH2CH3) 
ppm. Chapter 6 - Experimental 
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LRMS   [ESI+, MeOH] calculated mass: 445.11 for C22H26IN2
+ [M-I
-]
+; found m/z: 
445.0 (100 %), 446.1 (22.5 %), 447.1 (2.5 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS  [ESI+,  MeOH]  calculated  mass:  445.1135  for  C22H26IN2
+  [M-I
-]
+;  found 
m/z: 445.1140 
 
 
6.2.12.2.  Synthesis  of  2-[3-(1-Butyl-2,3-dihydro-3,3-dimethyl-5-iodo-1H-indol-2-
ylidene)-1-propenyl]-1,3,3-trimethyl-3H-indolium Iodide (39) 
 
N+ N
I-
39
I
1
2
3
4
5
6
7
3a
7a 1'
2'
3'
4'
5'
6'
7'
3a'
7a'
 
 
Hemicyanine 38 (2.84 g, 4.97 mmol, 1 eq) and 1,2,3,3-tetramethyl-3H-indolium iodide 2 
(2.25 g, 7.46 mmol, 1.5 eq) were suspended in anhydrous pyridine (25 mL) and then acetic 
anhydride (4.7 mL) was added. The reaction mixture was stirred at 50 °C for 18 hours, 
then cooled to room temperature and precipitated with cold diethyl ether. The precipitate 
was  filtered  off  and  washed  with  diethyl  ether.  Column  chromatography  (5  % 
MeOH/EtOAC) afforded the product 39 with 95 % yield (3.10 g, 4.74 mmol). Mw = 652.39 
g/mol (C28H34I2N2). 
 
Rf:    0.52 [DCM/MeOH 9:1 v/v] 
 
1H NMR   (400 MHz, DMSO) δ 8.32 (1 H, t, J = 13.3 Hz, CH=CH-CH), 8.05 - 7.01 (1 
H, m, H-4), 7.76 (1 H, dd, J = 8.3, 1.3 Hz, H-6), 7.65 (1 H, d, J = 7.0 Hz, H-
4′), 7.53 - 7.42 (2 H, m, H-6′, H-7′), 7.32 (1 H, t, J = 7.0 Hz, H-5′), 7.27 (1 
H, d, J = 8.5 Hz, H-7), 6.59 (1 H, d, J = 13.6 Hz, CH=CH-CH), 6.51 (1 H, 
d, J = 13.1 Hz, CH=CH-CH), 4.07 (2 H, t, J = 7.5 Hz, NCH2CH2CH2CH3), 
3.68  (3  H,  s,  N′-CH3)  1.71  –  1.64  (14  H,  m,  3-CH3  ×2,  3′-CH3  ×2, Chapter 6 - Experimental 
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NCH2CH2CH2CH3), 1.47 - 1.34 (2 H, m, NCH2CH2CH2CH3), 0.93 (3 H, t, 
J = 7.5 Hz, NCH2CH2CH2CH3) ppm. 
 
13C NMR   (100  MHz,  DMSO)  δ  175.0  (C-2′),  172.4  (C-2),  149.6  (CH=CH-CH), 
143.4, 143.02, 142.4, 141.2 (C-3a, C-3a′, C-7a, C-7a′), 137.1 (C-6), 131.1 
(C-4), 128.6 (C-6′), 125.5 (C-5′), 122.4 (C-4′), 113.5 (C-7), 111.8 (C-7′), 
103.8 (CH=CH-CH), 102.1 (CH=CH-CH), 89.2 (C-5), 49.0, 48.7 (C-3, C-
3′),  43.6  (NCH2CH2CH2CH3),  31.7  (N′-CH3),  29.0  (NCH2CH2CH2CH3), 
27.3, 27.1 (2 C, 3-CH3 ×2; 2 C, 3′-CH3 ×2), 19.5 (NCH2CH2CH2CH3), 13.8 
(NCH2CH2CH2CH3) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 525.18 for C28H34IN2
+ [M-I
-]
+; found m/z: 
525.1 (100 %), 526.2 (26.0 %), 527.3 (2.9 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS  [ESI+,  MeOH]  calculated  mass:  525.1761  for  C28H34IN2
+  [M-I
-]
+;  found 
m/z: 525.1754 
 
 
6.2.12.3.  Synthesis  of  2-[3-(1-Butyl-2,3-dihydro-3,3-dimethyl-5-(trimethylsilyl)ethynyl-
1H-indol-2-ylidene)-1-propenyl]-1,3,3-trimethyl-3H-indolium Iodide (40) 
 
1
2
3
4
5
6
7
3a
7a
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3'
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6'
7'
3a'
7a' N+ N
I-
40
Si
 
 
Iodo-Cy3 39 (3.0 g, 4.60 mmol, 1 eq) was dissolved in anhydrous DMF (27 mL) and 
triethylamine  (16  mL),  then  the  copper  (I)  iodide  (0.18  g,  0.92  mmol,  0.2  eq)  and 
(trimethylsilyl)acetylene (3.0 mL, 21.16 mmol, 4.6 eq) were added. The reaction mixture 
was stirred for 10 minutes, before tetrakis(triphenylphosphine)palladium (0) (0.53 g, 0.46 
mmol, 0.1 eq) was added and then stirred at room temperature for a further 20 hours. The 
reaction mixture was filtered through Celite to remove palladium then diluted in DCM, Chapter 6 - Experimental 
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washed with aqueous sodium bicarbonate and brine. The organic layer was separated, dried 
over sodium sulphate, filtered, and the solvent was removed in vacuo. The residual oil was 
purified  by  column  chromatography  (0-5  %  MeOH  in  DCM/EtOAc  1:1)  to  give  the 
product 40 with 53 % yield (1.51 g, 2.43 mmol). Mw = 622.70 g/mol (C33H43IN2Si). 
 
Rf:    0.51 [10 % MeOH in DCM/EtOAc 1:1 v/v] 
 
1H NMR   (400 MHz, DMSO) δ 8.33 (1 H, t, J = 13.5 Hz, CH=CH-CH), 7.77 (1 H, d, 
J = 1.3 Hz, H-4), 7.68 - 7.58 (1 H, m, H-4′), 7.58 - 7.50 (2 H, m, H-6, H-7′), 
7.50 - 7.45 (1 H, m, H-6′), 7.42 (1 H, d, J = 8.3 Hz, H-7), 7.34 (1 H, t, J = 
7.3 Hz, H-5′), 6.61 (1 H, d, J = 13.7 Hz, CH=CH-CH), 6.52 (1 H, d, J = 
13.3 Hz, CH=CH-CH), 4.08 (2 H, t, J = 7.3 Hz, NCH2CH2CH2CH3), 3.70 
(3 H, s, N′-CH3), 1.69 – 1.65 (2 H, m, NCH2CH2CH2CH3), 1.69 (6 H, s, 3-
CH3 ×2), 1.68 (6 H, s, 3′-CH3 ×2), 1.48 - 1.36 (2 H, m, NCH2CH2CH2CH3), 
0.94 (3 H, t, J = 7.3 Hz, NCH2CH2CH2CH3), 0.25 (9 H, s, Si(CH3)3) ppm. 
 
13C NMR   (100 MHz, DMSO) δ 175.3, 172.9 (C-2, C-2′), 149.7 (CH=CH-CH), 142.5, 
142.4 (C-7a, C-7a′), 140.8 (2 C, C-3a, C-3a′), 132.5 (C-6), 128.8 (C-6′), 
125.7 , 125.7 (C-4, C-5′), 122.4 (C-4′), 118.1 (C-5), 111.9 (C-7′), 111.4 (C-
7), 105.1 (C≡C-Si(CH3)3), 104.2 (CH=CH-CH), 102.4 (CH=CH-CH), 94.4 
(C≡C-Si(CH3)3), 49.1, 48.5 (C-3, C-3′), 43.6 (NCH2CH2CH2CH3), 31.7 (N′-
CH3), 29.0 (NCH2CH2CH2CH3), 27.4, 27.1 (2 C, 3-CH3 ×2; 2 C, 3′-CH3 
×2),  19.5  (NCH2CH2CH2CH3),  13.8  (NCH2CH2CH2CH3),  -0.1  (3  C, 
Si(CH3)3) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 495.32 for C33H43N2Si
+ [M-I
-]
+; found m/z: 
495.3 (100 %), 496.4 (39.3 %), 497.4 (10.3 %), 498.4 (1.8 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS  [ESI+, MeOH] calculated mass: 495.3190 for C33H43N2Si
+ [M-I
-]
+; found 
m/z: 495.3180 
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6.2.12.4.  Synthesis  of  2-[3-(1-Butyl-2,3-dihydro-3,3-dimethyl-5-ethynyl-1H-indol-2-
ylidene)-1-propenyl]-1,3,3-trimethyl-3H-indolium Iodide (41) 
 
1
2
3
4
5
6
7
3a
7a
1'
2'
3'
4'
5'
6'
7'
3a'
7a' N+ N
I-
41
 
 
Silyl-ethynyl-Cy3 40 (1.45 g, 2.33 mmol, 1 eq) was dissolved in anhydrous THF (60 mL), 
then a 1 M solution of tetrabutylammonium fluoride in THF (7.0 mL, 6.98 mmol, 3 eq) 
was added and the reaction was stirred under argon, at room temperature for 30 min. The 
reaction mixture was diluted with DCM and washed with aqueous sodium bicarbonate and 
brine.  The  organic  layer  was  separated,  dried  over  sodium  sulphate,  filtered,  and  the 
solvent was removed in vacuo. Column chromatography (0-1 % MeOH in DCM/EtOAc 
1:1) afforded the product 41 as a green-gold solid with 63 % yield (0.81 g, 1.47 mmol). Mw 
= 550.52 g/mol (C30H35IN2). 
 
Rf:    0.41 [10 % MeOH in DCM/EtOAc 1:1 v/v]  
 
1H NMR   (400 MHz, DMSO) δ 8.33 (1 H, t, J = 13.5 Hz, CH=CH-CH), 7.78 (1 H, d, 
J = 1.4 Hz, H-4), 7.69 - 7.58 (1 H, m, H-4′), 7.58 - 7.51 (1 H, m, H-6), 7.51 
- 7.46 (2 H, m, H-6′, H-7′), 7.46 - 7.40 (1 H, m, H-7), 7.34 (1 H, t, J = 7.3, 
Hz, H-5′), 6.60 (1 H, d, J = 13.7 Hz, CH=CH-CH), 6.51 (1 H, d, J = 13.2 
Hz,  CH=CH-CH),  4.25  (1  H,  s,  C≡CH),  4.09  (2  H,  t,  J  =  7.3  Hz, 
NCH2CH2CH2CH3), 3.70 (3 H, s, N′-CH3), 1.69 (12 H, s, 3-CH3 ×2, 3′-CH3 
×2), 1.73  - 1.63 (2 H, br. s.,  NCH2CH2CH2CH3)  1.47  - 1.36 (2 H, m, 
NCH2CH2CH2CH3), 0.94 (3 H, t, J = 7.3 Hz, NCH2CH2CH2CH3) ppm. 
 
13C NMR   (100 MHz, DMSO) δ 175.2, 173.0 (C-2, C-2′), 149.7 (CH=CH-CH), 142.5, 
142.4 (C-7a, C-7a′), 140.8 (2 C, C-3a, C-3a′), 132.2 (C-6), 128.8 (C-6′), 
125.8, 125.6 (C-4, C-5′), 122.4 (C-4′), 117.7 (C-5), 111.9, 111.4 (C-7, C-7′), 
104.1  (CH=CH-CH),  102.3  (CH=CH-CH),  83.4  (C≡CH),  81.0  (C≡CH), 
49.1,  48.5  (C-3,  C-3′),  43.6  (NCH2CH2CH2CH3),  31.7  (N′-CH3),  29.0 Chapter 6 - Experimental 
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(NCH2CH2CH2CH3),  27.4,  27.1  (2  C,  3-CH3
  ×2;  2  C,  3′-CH3  ×2),  19.5 
(NCH2CH2CH2CH3), 13.8 (NCH2CH2CH2CH3) ppm. 
  
LRMS   [ESI+, MeOH] calculated mass: 423.28 for C30H35N2
+ [M-I
-]
+; found m/z: 
423.4 (100 %), 424.4 (33.2 %), 425.4 (5.1 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS  [ESI+, MeOH] calculated mass: 423.2795 for C30H35N2
+ [M-I
-]
+; found m/z: 
423.2793 
 
UV/Vis  (EtOH) λmax = 560 nm, λem = 577 nm, ʦ = 0.08 ﾱ 0.003 
  (MeOH) ε = 95000 M
-1 cm
-1.  
 
 
6.2.13. Synthesis of N-Pentynyl-Cy3 
 
6.2.13.1.  Synthesis  of  3,3-Dimethyl-1-(4-pentynyl)-2-[(E)-2-(phenylamino)ethenyl]-3H-
indolium Iodide (42) 
N+
I-
N
42
1
2
3
4
5
6
7
3a
7a
8
9
10
H
11 9
10
 
 
1-(4-Pentynyl)-2,3,3-trimethyl-3H-indolium iodide 4 (1.27 g, 3.60 mmol, 1 eq) and N,N′-
diphenylformamidine (0.78 g, 3.96 mmol, 1.1 eq) were suspended in ethanol (11 mL), then 
triethylorthoformate (0.66 mL, 3.96 mmol,  1.1 eq) was  added and the suspension  was 
heated  at  reflux  at  97  °C  for  15  hours.  The  reaction  mixture  was  cooled  to  room 
temperature, and additionally kept for a few minutes on ice to improve precipitation. The 
precipitate  was  filtered  off, washed with  diethyl  ether,  and dried  in  vacuo to  give the 
product  42  as  a  red  solid  with  84  %  yield  (1.38  g,  3.02  mmol).  Mw  =  456.36  g/mol 
(C23H25IN2). 
 
Rf:    0.43 [DCM/MeOH 9:1 v/v] Chapter 6 - Experimental 
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1H NMR   (400 MHz, CD3CN) δ 8.61 (1 H, d, J = 12.6 Hz, CH=CH-NHPh), 7.56 - 
7.42 (6 H, m, H-4, H-6, H-9 ×2, H-10 ×2), 7.40 - 7.26 (3 H, m, H-5, H-7, H-
11), 6.98 (1 H, d, J = 12.6 Hz, CH=CH-NHPh), 4.16 (2 H, t, J = 8.0 Hz, 
NCH2CH2CH2C≡CH), 2.46 (2 H, td, J = 7.0, 2.5 Hz, NCH2CH2CH2C≡CH), 
2.33 (1 H, t, J = 2.5 Hz, NCH2CH2CH2C≡CH), 2.04 (2 H, quin, J = 7.4 Hz, 
NCH2CH2CH2C≡CH), 1.70 (6 H, s, 3-CH3 ×2), ppm. 
 
13C NMR   (100 MHz, CD3CN) δ 179.4 (C-2), 152.8 (CH=CH-NHPh), 142.9, 142.2 
(C-3a, C-7a), 139.6 (C-8), 130.8 (2 C, C-10 ×2), 129.7, 127.4, 127.0, 123.4 
(C-4, C-5, C-6, C-11), 119.1 (2 C, C-9 ×2), 112.5 (C-7), 92.2 (CH=CH-
NHPh), 83.9 (NCH2CH2CH2C≡CH), 71.3 (NCH2CH2CH2C≡CH), 50.8 (C-
3),  44.8  (NCH2CH2CH2C≡CH),  28.6  (2  C,  3-CH3  ×2),  26.8 
(NCH2CH2CH2C≡CH), 16.8 (NCH2CH2CH2C≡CH) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 329.20 for C23H25N2
+ [M-I
-]
+; found m/z: 
329.3 (100 %), 330.3 (29.7 %), 331.3 (7.5 %). 
 
 
6.2.13.2.  Synthesis  of  2-[3-(2,3-Dihydro-3,3-dimethyl-1-(4-pentynyl)-1H-indol-2-
ylidene)-1-propenyl]-1,3,3-trimethyl-3H-indolium Iodide (43) 
 
N+ N
I-
1
2
3
4
5
6
7
3a
7a 1'
2'
3'
4'
5'
6'
7'
3a'
7a'
43
 
 
Hemicyanine 42 (1.34 g, 2.93 mmol, 1 eq) and 1,2,3,3-tetramethyl-3H-indolium iodide 2 
(1.32 g, 4.39 mmol, 1.5 eq) were suspended in anhydrous pyridine (15 mL) and the acetic 
anhydride (2.76 mL, 29.25 mmol, 10 eq) was added. The reaction mixture was stirred at 50 
°C for 24 hours, then cooled to room temperature and precipitated with cold diethyl ether. 
The  yellow  solution  was  decanted  off  and  the  precipitate  was  purified  by  column 
chromatography (DCM, DCM/EtOAc 1:1, DCM/EtOAc 1:2, and 1-5 % MeOH in DCM Chapter 6 - Experimental 
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respectively). The pure compound 43 was obtained as a green-gold foam with 61 % yield 
(0.96 g, 1.79 mmol). Mw = 536.49 (C29H33IN2). 
 
Rf:    0.34 [DCM/MeOH 9:1 v/v] 
 
1H NMR   (400 MHz, CDCl3)  8.44 (1 H, t, J = 13.3 Hz, CH=CH-CH), 7.47, 7.46 (1 
H, d, J = 13.6 Hz; 1 H, d, J = 13.6 Hz CH=CH-CH), 7.42 - 7.34 (4 H, m, H-
4, H-4′, H-6, H-6′), 7.28 - 7.21 (3 H, m, H-5, H-5′, H-7/H-7′), 7.13 (1 H, d, 
J = 8.0 Hz, H-7/H-7′), 4.40 (2 H, t, J = 8.0 Hz, NCH2CH2CH2CCH), 3.81 
(3 H, s, N′-CH3), 2.62 (2 H, td, J = 6.5, 2.5 Hz, NCH2CH2CH2CCH), 2.16 
- 2.10 (1 H, m, CCH), 2.16 - 2.09 (2 H, m, NCH2CH2CH2CCH), 1.71, 
1.67 (6 H, s, 3-CH3 ×2; 6 H, s, 3′-CH3 ×2) ppm. 
 
13C NMR 
  (100 MHz, CDCl3)  174.4, 173.8 (C-2, C-2′), 151.0 (CH=CH-CH), 142.8, 
142.3  (C-7a,  C-7a′),  140.6  (2  C,  C-3a,  C-3a′),  129.0,  129.0  (C-6,  C-6′), 
125.5 (2 C, C-5, C-5′), 122.2, 122.1 (C-4, C-4′), 111.0, 110.9 (C-7, C-7′), 
105.4, 104.9 (CH=CH-CH), 83.6 (CCH), 69.8 (CCH), 48.9 (2 C, C-3, C-
3′), 43.7 (NCH2CH2CH2CCH), 32.9 (N′-CH3), 28.3, 28.2 (2 C, 3-CH3 ×2; 
2 C, 3′-CH3 ×2), 26.2 (NCH2CH2CH2CCH), 16.5 (NCH2CH2CH2CCH) 
ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 409.26 for C29H33N2
+ [M-I
-]
+; found m/z: 
409.2 (100 %), 410.2 (31.6 %), 411.2 (4.7 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS  [ES+]  calculated  mass:  409.2638  for  C29H33N2
+  [M-I
-]
+;  found  m/z: 
409.2637   
 
UV/Vis  (EtOH) λmax = 550 nm, λem = 563 nm, ʦ = 0.05 ﾱ 0.003 
  (MeOH) ε = 116000 M
-1 cm
-1.  
 
 Chapter 6 - Experimental 
 
  187 
6.2.14. Synthesis of Ethynyl-Cy3.25 
 
6.2.14.1.  Synthesis  of  1,3,3-Trimethyl-2-[(E)-2-(phenylamino)ethenyl]-3H-indolium 
Iodide (44) 
 
N+
I-
N
44
H
1
2
3
4
5
6
7
3a 8
9
10
11
11a
12
13
14
15 17
16
 
1,2,3,3-Tetramethylbenz[e]indolium  iodide  11  (10.0  g,  28.47  mmol,  1  eq)  and  N,N′-
diphenylformamidine (6.71 g, 34.17 mmol, 1.2 eq) were suspended in ethanol (85 mL), 
then  triethylorthoformate  (5.68  mL,  34.17  mmol,  1.2  eq)  was  added  and  the  reaction 
mixture was heated at reflux overnight. The reaction was cooled to room temperature, 
solvent removed under reduced pressure, and the oily residue was dissolved in DCM and 
precipitated with diethyl ether. The resulting green solid was filtered off, washed with 
ether and dried in vacuo to give the product 44 with 99 % yield (12.82 g, 28.22 mmol). Mw 
= 454.35 g/mol (C23H23IN2). 
 
Rf:    0.28 [DCM/MeOH 95:5 v/v] 
 
1H NMR   (400 MHz, MeOD) δ 8.78 (1H, d, J = 12.6 Hz, CH=CH-NHPh), 8.29 (1 H, 
d, J = 8.0 Hz, H-5), 8.08, 8.04 (1 H, d, J = 9.2 Hz; 1 H, d, J = 8.4 Hz, H-8, 
H-10), 7.75 - 7.63 (2 H, m, H-6, H-11), 7.57 - 7.42 (5 H, m, H-7, H-13, H-
14, H-16, H-17), 7.31 (1 H, t, J = 7.0 Hz, H-15), 6.25 (1 H, d, J = 12.6 Hz, 
CH=CH-NHPh), 3.86 (3 H, s, N-CH3), 2.01 (6 H, s, 3-CH3 ×2) ppm. 
 
13C NMR   (100 MHz, MeOD) δ 182.1 (C-2), 152.5 (CH=CH-NHPh), 141.2 (C-11a), 
140.2 (C-12), 135.3 (C-3a), 134.0 (2 C, C-4, C-9), 132.0, 131.3 (C-10, C-8), 
131.3 (2 C, C-14, C-16), 129.1 (C-6), 127.6 (C-15), 126.8 (C-7), 123.5 (C-
5), 119.1 (2 C, C-13, C-17), 112.4 (C-11), 91.6 (CH=CH-NHPh), 53.3 (C-
3), 33.1 (N-CH3), 28.4 (2 C, 3-CH3 ×2) ppm. 
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LRMS   [ESI+, MeOH] calculated mass: 327.19 for C23H23N2
+ [M-I
-]
+; found m/z: 
327.3 (100 %), 328.3 (24.6 %), 329.3 (3.1 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
 
6.2.14.2.  Synthesis  of  2-[3-(2,3-Dihydro-1,3,3-trimethyl-1H-benz[e]indol-2-ylidene)-1-
propenyl]-5-iodo-1,3,3-trimethyl-3H-indolium Iodide (45) 
 
N+ N
I-
45
I
1
2
3
4
5
6
7
3a
1'
2'
3'
4'
5'
6'
7'
3a'
7a'
8
9
10
11
11a
 
 
Hemicyanine 44 (2.60 g, 5.72 mmol, 1 eq) and 5-iodo-1,2,3,3-tetramethyl-3H-indolium 
iodide 7 (3.70 g, 8.58 mmol, 1.5 eq) were suspended in anhydrous pyridine (26 mL), then 
acetic anhydride (5.40 mL) was added. The reaction mixture was stirred at 50 °C for 48 
hours,  then  cooled  to  room  temperature  and  precipitated  with  cold  diethyl  ether.  The 
yellow solution was decanted off and the precipitate was dissolved in DCM and evaporated 
to dryness. Column chromatography (0-5 % MeOH/EtOAc) afforded product 45 with 50 % 
yield (1.90 g, 2.88 mmol). Mw = 660.37 g/mol (C29H30I2N2). 
 
Rf:  0.65 [DCM/MeOH 9:1 v/v] 
 
1H NMR   (400 MHz, DMSO) δ 8.43 (1 H, t, J = 13.6 Hz, CH=CH-CH), 8.31 (1 H, d, 
J = 8.5 Hz, H-5), 8.09 (1 H, d, J = 8.8 Hz, H-10), 8.05 (1 H, d, J = 8.0 Hz, 
H-8), 8.04 (1 H, s, H-4′), 7.82 (1 H, d, J = 8.8 Hz, H-11), 7.76 (1 H, dd, J = 
8.0, 1.6 Hz, H-6′), 7.70 - 7.63 (1 H, m, H-6), 7.54 (1 H, t, J = 7.3 Hz, H-7), 
7.25 (1 H, d, J = 8.4 Hz, H-7′), 6.59 (1 H, d, J = 13.6 Hz, CH=CH-CH), 
6.45 (1 H, d, J = 13.1 Hz, CH=CH-CH), 3.81 (3 H, s, N′-CH3), 3.60 (3 H, s, 
N-CH3), 1.95 (6 H, s, 3-CH3 ×2), 1.71 (6 H, s, 3′-CH3 ×2) ppm.
 
 
13C NMR   (100  MHz,  DMSO)  δ  176.5  (C-2),  172.7  (C-2′),  148.8  (CH=CH-CH), 
142.7, 140.1, 133.5, 131.6 (C-11a, C-3a, C-7a′, C-3a′), 137.0 (C-6′), 131.0, 
130.3, 129.87, 127.8, 122.3 (C-5, C-6, C-7, C-8, C-10), 127.2 (2 C, C-4, C-Chapter 6 - Experimental 
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9),  125.2  (C-4′),  113.3,  111.9  (C-11,  C-7′),  103.2,  102.2  (CH=CH-CH), 
89.0 (C-5′), 50.7, 48.5 (C-3, C-3′), 32.1, 31.3 (N-CH3, N′-CH3), 27.2, 26.7 
(2 C, 3-CH3 ×2; 2 C, 3′-CH3 ×2) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 533.14 for C29H30IN2
+ [M-I
-]
+; found m/z: 
533.2 (100 %), 534.3 (30.3 %), 535.3 (4.3 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS  [ES+]  calculated  mass:  533.1448  for  C29H30IN2
+  [M-I
-]
+;  found  m/z: 
533.1452 
 
 
6.2.14.3.  Synthesis  of  2-[3-(2,3-Dihydro-1,3,3-trimethyl-1H-benz[e]indol-2-ylidene)-1-
propenyl]-5-(trimethylsilyl)ethynyl-1,3,3-trimethyl-3H-indolium Iodide (46) 
 
N+ N I-
46
Si
1
2
3
4
5
6
7
3a
1'
2'
3'
4'
5'
6'
7'
3a'
7a'
8
9
10
11
11a
 
 
Iodo-Cy3.25 45 (3.15 g, 4.77 mmol, 1 eq) was dissolved in anhydrous DMF (25 mL) and 
triethylamine  (17  mL).  Copper  (I)  iodide  (0.18  g,  0.95  mmol,  0.2  eq)  and 
(trimethylsilyl)acetylene  (3.37  mL,  23.85  mmol,  5  eq)  were  then  added.  The  reaction 
mixture was stirred for 10 minutes before tetrakis(triphenylphosphine)palladium (0) (0.55 
g, 0.48 mmol, 0.1 eq) was added and then the reaction was stirred at room temperature for 
14 hours. The reaction was not complete and a further amount of (trimethylsilyl)acetylene 
(3.37 mL, 23.85 mmol, 5 eq), and copper (I) iodide (0.18 g, 0.95 mmol, 0.2 eq) was added 
and the reaction was performed for 48 hours in total. The reaction mixture was filtered 
through Celite to remove palladium. The residue was dissolved in DCM and washed with 
aqueous sodium bicarbonate and brine. The organic layer was dried over sodium sulphate, 
filtered,  and  the  solvent  was  removed  in  vacuo.  Column  chromatography  (0-5  % 
MeOH/DCM) afforded product 46 with 80 % yield (2.42 g, 3.83 mmol). Mw = 630.68 
g/mol (C34H39IN2Si).  
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Rf:    0.55 [DCM/MeOH 9:1 v/v] 
 
1H NMR   (400 MHz, DMSO) δ 8.45 (1 H, t, J = 13.6 Hz, CH=CH-CH), 8.32 (1 H, d, 
J = 8.5 Hz, H-5), 8.14 (1 H, d, J = 9.0 Hz, H-10), 8.09 (1 H, d, J = 8.0 Hz, 
H-8), 7.85 (1 H, d, J = 9.0 Hz, H-11), 7.81 - 7.77 (1 H, m, H-4′), 7.70 - 7.64 
(1 H, m, H-6), 7.58 - 7.50 (2 H, m, H-7, H-6′), 7.41 (1 H, d, J = 8.0 Hz, H-
7′), 6.63 (1 H, d, J = 14.1 Hz, CH=CH-CH), 6.47 (1 H, d, J = 13.1 Hz, 
CH=CH-CH), 3.83, 3.62 (3 H, s, N-CH3; 3 H, s, N′-CH3), 1.96, 1.72 (6 H, s, 
3-CH3 ×2; 6 H, s, 3′-CH3 ×2), 0.25 (9 H, s, Si(CH3)3) ppm. 
 
13C NMR   (100 MHz, DMSO) δ 176.8, 173.2 (C-2, C-2′), 148.9 (CH=CH-CH), 143.2 
(C-7a′), 140.7 (C-3a′), 140.1 (C-9), 133.7 (C-11a), 132.4 (C-6′), 131.7 (C-
3a), 130.4 (C-10), 129.9 (C-8), 127.8 (C-6), 127.2 (C-4), 125.7 (C-4′), 125.2 
(C-7), 122.3 (C-5), 117.9 (C-5′), 111.9 (C-11), 111.2 (C-7′), 105.3 (C≡C-
Si(CH3)3), 103.7, 102.5 (CH=CH-CH), 94.2 (C≡C-Si(CH3)3), 50.8, 48.4 (C-
3, C-3′), 32.1, 31.2 (N-CH3, N′-CH3), 27.2, 26.7 (2 C, 3-CH3 ×2; 2 C, 3′-
CH3 ×2), -0.1 (3 C, Si(CH3)3) ppm. 
   
LRMS   [ESI+, MeOH] calculated mass: 503.29 for C34H39N2Si
+ [M-I
-]
+; found m/z: 
503.4 (100 %), 504.4 (41.2 %), 505.4 (11.3 %), 506.5 (2.3 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS  [ESI+, MeOH] calculated mass: 503.2877 for C34H39N2Si
+ [M-I
-]
+; found 
m/z: 503.2872 
 
 
6.2.14.4.  Synthesis  of  2-[3-(2,3-Dihydro-1,3,3-trimethyl-1H-benz[e]indol-2-ylidene)-1-
propenyl]-5-ethynyl-1,3,3-trimethyl-3H-indolium Iodide (47) 
 
N+ N I- 1
2
3
4
5
6
7
3a
1'
2'
3'
4'
5'
6'
7'
3a'
7a'
8
9
10
11
11a
47  
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Silyl-ethynyl-Cy3.25 46 (2.17 g, 3.45 mmol, 1 eq) was dissolved in distilled THF (40 mL), 
then 1 M solution of tetrabutylammonium fluoride in THF (5.17 mL, 5.17 mmol, 1.5 eq) 
was added and the reaction was stirred under argon, at room temperature for 15 minutes. 
The reaction mixture was  diluted with DCM,  washed with  saturated  sodium  hydrogen 
carbonate and potassium iodide aqueous solutions. The organic layer was separated, dried 
over sodium sulphate, filtered, and the solvent was removed in vacuo. The crude product 
was purified by column chromatography (0-3 % MeOH/DCM) to give compound 47 as a 
dark gold foam with 71 % yield (1.37 g, 2.45 mmol). Mw = 558.50 g/mol (C31H31IN2). 
 
Rf:    0.51 [DCM/MeOH 9:1 v/v] 
   
1H NMR   (400 MHz, DMSO) δ 8.45 (1 H, dd, J = 14.0, 12.0 Hz, CH=CH-CH), 8.32 
(1 H, d, J = 9.0 Hz, H-5), 8.14 (1 H, dd, J = 8.8, 2.3 Hz, H-10), 8.09 (1 H, d, 
J = 9.0 Hz, H-8), 7.83 (1 H, dd, J = 8.5, 2.5 Hz, H-11), 7.80 (1 H, s, H-4′), 
7.68 (1 H, t, J = 7.0 Hz, H-6), 7.58 - 7.51 (2 H, m, H-6′, H-7), 7.41 (1 H, dd, 
J = 8.5, 2.5 Hz, H-7′), 6.61 (1 H, dd, J = 13.8, 2.3 Hz, CH=CH-CH), 6.46 (1 
H, dd, J = 13.3, 2.3 Hz, CH=CH-CH), 4.25 (1 H, d, J = 2.5 Hz, C≡CH), 
3.82, 3.62 (3 H, s, N-CH3; 3 H, s, N′-CH3), 1.96, 1.72 (6 H, s, 3-CH3 ×2; 6 
H s, 3′-CH3 ×2) ppm. 
 
13C NMR  (100 MHz, DMSO) δ 176.7, 173.2 (C-2, C-2′), 148.9 (CH=CH-CH), 143.1, 
140.6, 140.1, 133.6 (C-11a, C-3a, C-3a′, C-7a′), 132.4 (C-7), 131.7, 127.2 
(C-9, C-4), 130.3, 129.9 (C-8, C-10), 127.8 (C-6), 125.7 (C-4′), 125.2 (C-
6′),  122.3  (C-5),  117.5  (C-5′),  111.9  (C-7′),  111.2  (C-11),  103.5,  102.4 
(CH=CH-CH), 83.5 (C≡CH), 80.9 (C≡CH), 50.8, 48.4 (C-3, C-3′), 32.1, 
31.3 (N-CH3, N′-CH3), 27.3, 26.7 (2 C, 3-CH3 ×2; 2 C, 3′-CH3 ×2)  ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 431.25 for C31H31N2
+ [M-I
-]
+; found m/z: 
431.4 (100 %), 432.4 (32.5 %), 433.4 (5.4 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS   [ESI+, MeOH] calculated mass: 431.2482 for C31H31N2
+ [M-I
-]
+; found m/z: 
431.2495 
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UV/Vis  (EtOH) λmax = 580 nm, λem = 598 nm, ʦ = 0.04 ﾱ 0.005 
  (MeOH) ε = 85000 M
-1 cm
-1.  
 
 
6.2.15. Synthesis of N-pentynyl-Cy3.5 
 
6.2.15.1.  Synthesis  of  2-[3-(2,3-Dihydro-1,3,3-trimethyl-1H-benz[e]indol-2-ylidene)-1-
propenyl]-3,3-dimethyl-1-(4-pentynyl)-3H-benz[e]indolium Iodide (48) 
 
N+ N
I- 1
2
3
4
5
6
7
3a
1'
2'
3'
4'
5'
6'
7'
3a' 8
9
10
11
11a
8'
9'
10'
11'
11a'
48
 
 
Hemicyanine 44 (5.0 g, 11.01 mmol, 1 eq) and 1-pentynyl-2,3,3-trimethylbenz[e]indolium 
iodide 12 (5.33 g, 13.21 mmol, 1.2 eq) were suspended in anhydrous pyridine (50 mL), 
then acetic anhydride (10.40 mL, 110.05 mmol, 10 eq) was added. The reaction mixture 
was stirred at 50 °C for 48 hours, then cooled to room temperature and precipitated with 
cold diethyl ether. The yellow solution was decanted off and the precipitate dissolved in 
DCM  and  evaporated  to  dryness  to  give  the  crude  product  as  a  violet  foam.  Column 
chromatography (0-5 % MeOH/EtOAc) afforded compound 48 as a brown-gold foam with 
20 % yield (1.37 g, 2.15 mmol). Mw = 636.61 g/mol (C37H37IN2). 
 
Rf:    0.38 [EtOAc/MeOH 9:1 v/v] 
 
1H NMR   (400 MHz, DMSO) δ 8.59 (1 H, t, J = 13.6 Hz, CH=CH-CH), 8.30, 8.29 (1 
H, d, J = 8.4 Hz; 1 H, d, J = 8.8 Hz H-5, H-5′), 8.17 - 8.05 (4 H, m, H-8, H-
8′, H-10, H-10′), 7.82, 7.79 (1 H, d, J = 9.2 Hz; 1 H, d, J = 8.4 Hz, H-11, H-
11′), 7.73 - 7.64 (2 H, m, H-6, H-6′), 7.59 - 7.48 (2 H, m, H-7, H-7′), 6.64, 
6.56 (1 H, d, J = 13.6 Hz; 1 H, d, J = 13.6 Hz, CH=CH-CH), 4.32 (2 H, t, J 
= 7.0 Hz, NCH2CH2CH2C≡CH), 3.82 (3 H, s, N-CH3), 2.99 - 2.93 (1 H, m, 
C≡CH), 2.52 - 2.48 (2 H, m, NCH2CH2CH2C≡CH), 2.43 (2 H, td, J = 7.0, Chapter 6 - Experimental 
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2.0 Hz, NCH2CH2CH2C≡CH), 2.02, 2.0 (6 H, s, 3-CH3 ×2; 6 H, s, 3′-CH3 
×2) ppm. 
 
13C NMR   (100 MHz, DMSO) δ 175.8, 174.9 (C-2, C-2′), 148.3 (CH=CH-CH), 140.2, 
139.6 (C-11a, C-11a′), 133.1, 132.9 (C-3a, C-3a′), 131.5, 131.4 (C-9, C-9′), 
130.4, 130.3 (C-10, C-10′), 129.9, 129.8 (C-8, C-8′), 127.9 (2 C, C-6, C-6′), 
127.4, 127.3 (C-4, C-4′), 125.0, 124.9 (C-7, C-7′), 122.1 (2 C, C-5, C-5′), 
111.8, 111.4 (C-11, C-11′), 102.6, 101.8 (CH=CH-CH), 83.4 (C≡CH), 72.2 
(C≡CH), 50.6, 50.5 (C-3, C-3′), 43.0 (NCH2CH2CH2C≡CH), 31.9 (N-CH3), 
27.1, 26.9 (2 C, 3-CH3 ×2; 2 C, 3′-CH3 ×2), 26.7 (NCH2CH2CH2C≡CH), 
15.4 (NCH2CH2CH2C≡CH) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 509.30 for C37H37N2
+ [M-I
-]
+; found m/z: 
509.3 (100 %), 510.4 (37.3 %), 511.4 (7.0 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS  [ESI+, MeOH] calculated mass: 509.2951 for C37H37N2
+ [M-I
-]
+; found m/z: 
509.2958 
 
UV/Vis  (EtOH) λmax = 590 nm, λem = 607 nm, ʦ = 0.09 ﾱ 0.005 
  (MeOH) ε = 70000 M
-1 cm
-1.  
 
 
6.2.16. Synthesis of N-Butyronitrile-ethynyl-Cy3  
 
6.2.16.1.  Synthesis  of  5-Iodo-1,3,3-trimethyl-2-[(E)-2-(phenylamino)ethenyl]-3H-
indolium Iodide (49) 
N+
I-
H
N
49
I
1
10
9
10
11 7
6
5
4
9
8
3
2
7a
3a
 
 
5-Iodo-1,2,3,3-tetramethyl-3H-indolium  iodide  7  (3.0  g,  7.03  mmol,  1  eq),  N,N′-
diphenylformamidine (1.52 g, 7.73 mmol, 1.1 eq) were suspended in ethanol (21 mL), then Chapter 6 - Experimental 
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triethylorthoformate (1.28 mL, 7.73 mmol, 1.1 eq) was added and the reaction mixture was 
heated at reflux overnight. The reaction was cooled to room temperature, the precipitate 
filtered off, washed with diethyl ether and dried in vacuo to give the product 49 with 91 % 
yield (3.37 g, 6.36 mmol). Mw = 530.18 g/mol (C19H20I2N2). 
 
Rf:    0.64 [DCM/MeOH 9:1 v/v]  
     
1H NMR   (400 MHz, DMSO)  11.98 (1 H, br. s., N-H), 8.67 (1 H, d, J = 12.1 Hz, 
CH=CH-NHPh), 8.08 (1 H, d, J = 1.5 Hz, H-4), 7.80 (1 H, dd, J = 8.6, 1.5 
Hz, H-6), 7.56 - 7.45 (4 H, m, H-9, H-10), 7.36 (1 H, d, J = 8.1 Hz, H-7), 
7.30 (1 H, t, J = 7.2 Hz, H-11), 6.09 (1 H, d, J = 12.6 Hz, CH=CH-NHPh), 
3.63 (3 H, s, N-CH3), 1.68 (6 H, s, 3-CH3 ×2) ppm. 
 
13C NMR   (100 MHz, DMSO)  177.4 (C-2), 151.9 (CH=CH-NHPh), 143.2 (C-3a), 
142.2 (C-7a), 138.3 (C-8), 136.9 (C-6), 131.1 (C-4), 129.8 (2 C, C-10), 
126.2 (C-11), 118.3 (2 C, C-9), 113.9 (C-7), 91.2 (CH=CH-NHPh), 90.1 
(C-5), 49.4 (C-3), 31.6 (N-CH3), 27.3 (2 C, 3-CH3 ×2) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 403.07 for C19H20IN2
+ [M-I
-]
+; found m/z: 
403.1 (100 %), 404.1 (19.3 %), 405.1 (1.8 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS  [ESI+,  MeOH]  calculated  mass:  403.0666  for  C19H20IN2
+  [M-I
-]
+;  found 
m/z: 403.0671 
 
 
6.2.16.2.  Synthesis  of  2-[3-(1-(3-Cyanopropyl)-2,3-dihydro-3,3-dimethyl-1H-indol-2-
ylidene)-1-propenyl]-5-iodo-1,3,3-trimethyl-3H-indolium Iodide (50) 
 
N+ N I-
I
1
2
3
4
3a
1'
2'
3'
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5'
6'
7'
3a'
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The hemicyanine 49 (3.33 g, 6.28 mmol, 1 eq) and 1-(3-cyanopropyl)-2,3,3-trimethyl-3H-
indolium bromide 5 (2.89 g, 9.42 mmol, 1.5 eq) were suspended in anhydrous pyridine (30 
mL) and acetic anhydride (6 mL). The reaction mixture was stirred under argon, at 50 °C 
for 18 hours, then cooled to room temperature and precipitated with cold diethyl ether. The 
yellow solution was decanted off and the precipitate dissolved in DCM, transferred to 
round bottom flask, and evaporated to dryness. The crude mixture was purified by column 
chromatography (0-2 % MeOH/DCM) to give product 50 with 44 % yield (1.84 g, 2.78 
mmol). Mw = 663.37 g/mol (C28H31I2N3). 
 
Rf:    0.42 [EtOAc/MeOH 9:1 v/v] 
 
1H NMR   (400 MHz, DMSO)  8.34 (1 H, t, J = 13.4 Hz, CH=CH-CH), 8.04 (1 H, d, 
J = 1.5 Hz, H-4′), 7.79 (1 H, dd, J = 8.3, 1.8 Hz, H-6′), 7.64 (1 H, d, J = 7.1 
Hz, H-4), 7.54 - 7.42 (2 H, m, H-6, H-7), 7.35 - 7.27 (2 H, m, H-5, H-7′), 
6.63  (1  H,  d,  J  =  13.1  Hz,  CH=CH-CH),  6.48  (1  H,  d,  J  =  13.6  Hz, 
CH=CH-CH), 4.20 (2 H, t, J = 7.1 Hz, NCH2CH2CH2C≡N), 3.62 (3 H, s, 
N′-CH3), 2.75 (2 H, t, J = 7.3 Hz, NCH2CH2CH2C≡N), 2.15 - 2.04 (2 H, m, 
NCH2CH2CH2C≡N), 1.70, 1.68 (6 H, s, 3-CH3 ×2; 6 H, s, 3′-CH3 ×2) ppm. 
 
13C NMR   (100 MHz, DMSO)  174.3, 173.8 (C-2, C-2′), 149.9 (CH=CH-CH), 142.9, 
142.5 (C-7a, C-7a′), 141.8, 140.6 (C-3a, C-3a′), 137.1 (C-6′), 131.0 (C-4′), 
128.6 (C-6), 125.3 (C-5), 122.5 (C-4), 120.0 (NCH2CH2CH2C≡N), 113.7 
(C-7′), 111.3 (C-7), 103.0, 102.9 (CH=CH-CH), 89.6 (C-5′), 49.0, 48.8 (C-
3, C-3′), 42.8 (NCH2CH2CH2C≡N), 31.5 (N′-CH3), 27.4, 27.0 (3-CH3 ×2, 
3′-CH3 ×2), 23.0 (NCH2CH2CH2C≡N), 14.0 (NCH2CH2CH2C≡N) ppm. 
  
LRMS   [ESI+, MeOH] calculated mass: 536.16 for C28H31IN3
+ [M-I
-]
+; found m/z: 
536.2 (100 %), 537.3 (26.2 %), 538.3 (3.1 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS  [ES+]  calculated  mass:  536.1557  for  C28H31IN3
+  [M-I
-]
+;  found  m/z: 
536.1569 
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6.2.16.3.  Synthesis  of  2-[3-(1-(3-Cyanopropyl)-2,3-dihydro-3,3-dimethyl-1H-indol-2-
ylidene)-1-propenyl]-5-(trimethylsilyl)ethynyl-1,3,3-trimethyl-3H-indolium Iodide (51) 
 
N+ N I- 1
2
3
4
3a
1'
2'
3'
4'
5'
6'
7'
3a'
7a'
5
6
7
7a
51
N
Si
 
 
Iodo-N-butyronitrile-Cy3 50 (1.82 g, 2.74 mmol, 1 eq) was dissolved in anhydrous DMF 
(14 mL) and triethylamine (10 mL). The copper (I) iodide (0.10 g, 0.55 mmol, 0.2 eq) and 
(trimethylsilyl)acetylene  (1.20  mL,  8.21  mmol,  3  eq)  were  then  added.  The  reaction 
mixture was stirred for 10 minutes before tetrakis(triphenylphosphine)palladium (0) (0.32 
g,  0.27  mmol,  0.1  eq)  was  added  and  the  reaction  was  continued  to  stir  at  room 
temperature,  under  argon.  After  overnight  stirring  the  reaction  was  not  completed  and 
another 3 eq of (trimethylsilyl)acetylene, and 0.2 eq of copper (I) iodide were added and 
the reaction was continued for 48 hours in total. The reaction mixture was filtered through 
Celite  to  remove  palladium,  diluted  with  DCM  and  washed  with  aqueous  solution  of 
EDTA and brine. The organic layer was separated, dried over sodium sulphate, filtered, 
and the solvent was removed in vacuo. Column chromatography (0-2 % MeOH/DCM) 
afforded  product  51  with  30  %  yield  (0.52  g,  0.82  mmol).  Mw  =  633.68  g/mol 
(C33H40IN3Si). 
 
Rf:    0.65 [30 % MeOH in DCM/EtOAc 1:1 v/v] 
 
1H NMR   (400 MHz, DMSO)  8.35 (1 H, t, J = 13.6 Hz, CH=CH-CH), 7.78 (1 H, d, 
J = 1.5 Hz, H-4′), 7.64 (1 H, d, J = 7.1 Hz, H-4), 7.54 (2 H, d, J = 8.6 Hz, 
H-6′, H-7), 7.49 - 7.41 (2 H, m, H-6, H-7′), 7.31 (1 H, t, J = 7.6 Hz, H-5), 
6.72  (1  H,  d,  J  =  13.6  Hz,  CH=CH-CH),  6.52  (1  H,  d,  J  =  13.6  Hz, 
CH=CH-CH), 4.23 (2 H, t, J = 7.3 Hz, NCH2CH2CH2C≡N), 3.63 (3 H, s, 
N′-CH3), 2.77 (2 H, t, J = 7.3 Hz, NCH2CH2CH2C≡N), 2.08 (2 H, quin, J = 
7.3 Hz, NCH2CH2CH2C≡N), 1.70 (6 H, s, 3-CH3 ×2), 1.68 (6 H, s, 3′-CH3 
×2), 0.24 (9 H, s, Si(CH3)3) ppm. Chapter 6 - Experimental 
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13C NMR   (100 MHz, DMSO)  174.6, 174.2 (C-2, C-2′), 150.1 (CH=CH-CH), 143.0 
(C-7a′), 141.8 (C-7a), 140.9, 140.8 (C-3a, C-3a′), 132.5 (C-6′), 128.6 (C-6), 
125.7, 125.4 (C-4′, C-5), 122.6 (C-4), 120.1 (NCH2CH2CH2C≡N), 118.4 
(C-5′),  111.6,  111.5  (C-7,  C-7′),  105.2  (C≡C-Si(CH3)3),  103.5,  103.4 
(CH=CH-CH),  94.5  (C≡C-Si(CH3)3),  49.1,  48.7  (C-3,  C-3′),  42.9 
(NCH2CH2CH2C≡N), 31.5 (N′-CH3), 27.4, 27.1 (2 C, 3-CH3 ×2, 2 C, 3′-
CH3 ×2), 23.09 (NCH2CH2CH2C≡N), 13.94 (NCH2CH2CH2C≡N), -0.09 (3 
C, s, Si(CH3)3) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 506.30 for C33H40N3Si
+ [M-I
-]
+; found m/z: 
506.3 (100 %), 507.4 (38.5 %), 508.4 (10.2 %), 509.4 (1.2 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
 
6.2.16.4.  Synthesis  of  2-[3-(1-(3-Cyanopropyl)-2,3-dihydro-3,3-dimethyl-1H-indol-2-
ylidene)-1-propenyl]-5-ethynyl-1,3,3-trimethyl-3H-indolium Iodide (52) 
 
N+ N I- 1
2
3
4
3a
1'
2'
3'
4'
5'
6'
7'
3a'
7a'
5
6
7
7a
52
N  
 
Silyl-ethynyl-N-butyronitrile-Cy3 51 (0.50 g, 0.85 mmol, 1 eq) was dissolved in anhydrous 
THF (20 mL) then 1 M solution of tetrabutylammonium fluoride in THF (2.56 mL, 2.56 
mmol, 3 eq) was added and the reaction was stirred under argon, at room temperature for 
15 minutes. The reaction mixture was diluted with DCM, washed with saturated sodium 
bicarbonate  and  potassium  iodide  aqueous  solutions.  The  organic  layer  was  separated, 
dried over sodium sulphate, filtered, and the solvent was removed in vacuo. The crude 
product was purified by column chromatography (0-30 % MeOH in DCM/EtOAc 1:1) to 
give the product 52 as a green-gold foam with 85 % yield (0.41 g, 0.73 mmol). Mw = 
561.50 g/mol (C30H32IN3). 
 
Rf:    0.60 [30 % MeOH in DCM/EtOAc 1:1 v/v] Chapter 6 - Experimental 
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1H NMR   (400 MHz, CD3CN)  8.47 (1 H, t, J = 13.4 Hz, CH=CH-CH), 7.60 (1 H, d, 
J = 1.0 Hz, H-4′), 7.56 - 7.48 (2 H, m, H-4, H-6′), 7.46 - 7.39 (1 H, m, H-6), 
7.35 (1 H, d, J = 7.6 Hz, H-7), 7.32 - 7.26 (1 H, m, H-5), 7.23 (1 H, d, J = 
8.1 Hz, H-7′), 6.90 (1 H, d, J = 13.6 Hz, CH=CH-CH), 6.79 (1 H, d, J = 
13.1 Hz, CH=CH-CH), 4.27 (2 H, t, J = 7.6 Hz, NCH2CH2CH2C≡N), 3.63 
(3  H,  s,  N′-CH3),  3.49  (1  H,  s,  C≡C-H),  2.79  (2  H,  t,  J  =  7.1  Hz, 
NCH2CH2CH2C≡N), 2.20 - 2.09 (2 H, m, NCH2CH2CH2C≡N), 1.71, 1.69 
(6 H, s, 3-CH3 ×2; 6 H, s, 3′-CH3 ×2) ppm. 
 
13C NMR   (100 MHz, CD3CN)  176.3, 176.1 (C-2, C-2′), 152.2 (CH=CH-CH), 144.5 
(C-7a′), 143.1 (C-7a), 142.2, 142.3 (C-3a, C-3a′), 133.9 (C-6′), 129.8 (C-6), 
126.8 (C-4′), 126.6 (C-5), 123.5 (C-4), 120.9 (NCH2CH2CH2C≡N), 119.4 
(C-5′), 112.3 (2 C, C-7, C-7′), 105.0, 104.9 (CH=CH-CH), 84.0 (C≡C-H), 
79.6 (C≡C-H), 50.4, 50.0 (C-3, C-3′), 44.2 (NCH2CH2CH2C≡N), 32.7 (N′-
CH3),  28.3,  28.1  (2  C,  3-CH3  ×2,  2  C,  3′-CH3  ×2),  24.4 
(NCH2CH2CH2C≡N), 15.4 (NCH2CH2CH2C≡N) ppm. 
   
LRMS   [ESI+, MeOH] calculated mass: 434.26 for C30H32N3
+ [M-I
-]
+; found m/z: 
434.3 (100 %), 435.3 (32.2 %), 436.4 (4.9 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS  [ESI+, MeOH] calculated mass: 434.2591 for C30H32N3
+ [M-I
-]
+; found m/z: 
434.2477  
 
UV/Vis  (MeOH) λmax = 557 nm, λem = 574 nm, ε = 132000 M
-1 cm
-1.  
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6.2.17. Synthesis of Symmetric bis-Ethynyl-Cy3 
 
6.2.17.1.  Synthesis  of  2-[3-(2,3-Dihydro-5-iodo-1,3,3-trimethyl-1H-indol-2-ylidene)-1-
propenyl]-5-iodo-1,3,3-trimethyl-3H-indolium Iodide (53) 
 
N+ N
I-
53
I
1
2
3
4
5
6
7
3a
7a 1'
2'
3'
4'
5'
6'
7'
3a'
7a'
I
 
 
5-iodo-1,3,3-trimethyl-2-(2-(phenylamino)vinyl)-3H-indolium  iodide  49  (7.54  g,  14.23 
mmol, 1eq) and 5-iodo-1,2,3,3-tetramethyl-3H-indolinium iodide 7 (8.51 g, 19.92 mmol, 
1.4 eq) were suspended in anhydrous pyridine (70 mL), then acetic anhydride (13.40 mL, 
142.25 mmol, 10 eq) was added and the reaction mixture heated at 50 °C for 24 hours. 
After cooling to room temperature reaction mixture was precipitated with diethyl ether. 
The crude mixture was purified by column chromatography (5 % MeOH/EtOAc, 10 % 
MeOH in EtOAc/DCM 1:1, 20 % MeOH/DCM). The product 53 was obtained as a green 
solid with 64 % yield (6.72 g, 9.13 mmol). Mw = 736.21 g/mol (C25H27I3N2). 
 
Rf:    0.47 [DCM/MeOH 9:1 v/v] 
 
1H NMR   (400 MHz, DMSO)  8.29 (1 H, t, J = 13.6 Hz, CH=CH-CH), 8.02 (2 H, s, 
H-4, H-4′), 7.78 (2 H, dd, J = 8.3, 1.7 Hz, H-6, H-6′), 7.29 (2 H, d, J = 8.4, 
Hz, H-7, H-7′), 6.46 (2 H, d, J = 13.4 Hz, CH=CH-CH), 3.61 (6 H, s, N-
CH3, N′-CH3), 1.66 (12 H, s, 3-CH3 ×2, 3′-CH3 ×2) ppm. 
 
13C NMR  (100 MHz, DMSO)  173.8 (2 C, C-2, C-2′), 149.6 (CH=CH-CH), 142.9, 
142.5 (2 C, C-3a, C-3a′; 2 C, C-7a, C-7a′), 137.0 (2 C, C-6, C-6′), 131.0 (2 
C, C-4, C-4′), 113.7 (2 C, C-7, C-7′), 103.1 (2 C, CH=CH-CH), 89.6 (2 C, 
C-5, C-5′), 48.8 (2 C, C-3, C-3′), 31.5 (2 C, N-CH3, N′-CH3), 27.0 (4 C, 3-
CH3 ×2, 3′-CH3 ×2) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 609.03 for C25H27I2N2
+ [M-I
-]
+; found m/z: 
608.9 (100 %), 610.0 (24.4 %), 611.1 (2.9 %). Chapter 6 - Experimental 
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[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS  [ESI+, MeOH] calculated mass: 609.0258 for C25H27I2N2
+ [M-I
-]
+; found 
m/z: 609.0264  
 
 
6.2.17.2.  Synthesis  of  2-[3-(2,3-Dihydro-5-(trimethylsilyl)ethynyl-1,3,3-trimethyl-1H-
indol-2-ylidene)-1-propenyl]-5-(trimethylsilyl)ethynyl-1,3,3-trimethyl-3H-indolium 
Iodide (54) 
 
N+ N
I-
54
1
2
3
4
5
6
7
3a
7a 1'
2'
3'
4'
5'
6'
7'
3a'
7a'
Si Si
 
 
Symmetric bis-iodo-Cy3 53 (0.50 g, 0.68 mmol, 1 eq) was dissolved in DMF (5 mL) and 
triethylamine  (2.5  mL).  The  copper  (I)  iodide  (0.03  g,  0.14  mmol,  0.2  eq)  and 
(trimethylsilyl)acetylene  (0.38  mL,  2.72  mmol,  4  eq)  were  then  added.  The  reaction 
mixture was stirred for 10 minutes, before the tetrakis(triphenylphosphine)palladium (0) 
(0.08  g,  0.07  mmol,  0.1  eq)  was  added  and  the  reaction  was  performed  at  room 
temperature, under argon for 14 hours. The reaction was not complete and a further 0.77 
mL (8 eq) of (trimethylsilyl)acetylene, and 0.03 g (0.2 eq) of copper (I) iodide was added 
and the reaction was continued overnight. The reaction mixture was filtered through Celite 
to  remove  palladium.  The  residue  was  dissolved  in  DCM  and  washed  with  sodium 
bicarbonate  and  brine.  The  organic  layer  was  separated,  dried  over  sodium  sulphate, 
filtered, and the solvent removed in vacuo. The crude mixture was purified by column 
chromatography (0-20 % MeOH in DCM/EtOAc 1:1) to give the product 54 as a purple 
foam with 65 % yield (0.30 g, 0.44 mmol). Mw = 676.82 g/mol (C35H45IN2Si2). 
 
Rf:    0.48 [DCM/MeOH 9:1 v/v] 
 
1H NMR   (400 MHz, DMSO) 8.32 (1 H, t, J = 13.5 Hz, CH=CH-CH), 7.79 (2 H, s, 
H-4, H-4′), 7.58 – 7.52 (2 H, m, H-6, H-6′), 7.49 – 7.44 (2 H, m, H-7, H-7′), Chapter 6 - Experimental 
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6.53 (2 H, d, J = 13.4 Hz, CH=CH-CH), 3.65 (6 H, s, N-CH3, N′-CH3), 1.68 
(12 H, s, 3-CH3 ×2, 3′-CH3 ×2), 0.25 (18 H, s, Si(CH3)3 ×2) ppm. 
 
13C NMR   (100 MHz, DMSO)  174.6 (2 C, C-2, C-2′), 149.8 (CH=CH-CH), 143.0 (2 
C, C-3a, C-3a′), 141.0 (2 C, C-7a, C-7a′), 132.5 (2 C, C-6, C-6′), 125.7 (2 C, 
C-4,  C-4′),  111.8  (2  C,  C-7,  C-7′),  105.1  (2  C,  C-5,  C-5′),  103.8  (2  C, 
CH=CH-CH), 94.6 (2 C, C≡C-Si(CH3)3 ×2), 54.9 (2 C, C≡C-Si(CH3)3 ×2), 
48.8 (2 C, C-3, C-3′), 31.6 (2 C, N-CH3, N′-CH3), 27.3 (4 C, 3-CH3 ×2, 3′-
CH3 ×2), -0.1 (6 C, Si(CH3)3 ×2) ppm. 
 
LRMS   [ESI+,  MeOH]  calculated  mass:  549.31  for  C35H45N2Si2
+  [M-I
-]
+;  found 
m/z: 549.2 (100 %), 550.2 (44.5 %), 551.3 (15.3 %), 552.3 (3.6 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS  [ESI+, MeOH] calculated mass: 549.3116 for C35H45N2Si2
+ [M-I
-]
+; found 
m/z: 549.3121 
 
 
6.2.17.3. Synthesis of 2-[3-(2,3-Dihydro-5-ethynyl-1,3,3-trimethyl-1H-indol-2-ylidene)-1-
propenyl]-5-ethynyl-1,3,3-trimethyl-3H-indolium Iodide (55) 
 
N+ N
I-
55
1
2
3
4
5
6
7
3a
7a 1'
2'
3'
4'
5'
6'
7'
3a'
7a'
 
 
Bis-silyl-ethynyl-Cy3 54 (0.26 g, 0.38 mmol, 1 eq) was dissolved in anhydrous THF (10 
mL), then 1 M solution of tetrabutylammonium fluoride – TBAF in THF (0.77 mL, 0.77 
mmol, 2 eq) and the reaction was stirred under argon, at room temperature for 4 hours. The 
reaction mixture was dissolved in DCM, washed with sodium hydrogen carbonate and 
brine.  The  organic  layer  was  separated,  dried  over  sodium  sulphate,  filtered,  and  the 
solvent removed in vacuo. The crude material was purified by column chromatography (0-
20 % MeOH/DCM) to give the product 55 as a dark purple foam with 58 % yield (0.12 g, 
0.22 mmol). Mw = 532.46 g/mol (C29H29IN2). Chapter 6 - Experimental 
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Rf:    0.44 [DCM/MeOH 9:1 v/v] 
 
1H NMR  (400 MHz, DMSO)  8.33 (1 H, t, J = 13.6 Hz, CH=CH-CH), 7.80 (2 H, d, 
J = 1.3 Hz, H-4, H-4′), 7.6 (2 H, dd, J = 8.2, 1.4 Hz, H-6, H-6′), 7.48 (2 H, 
d, J = 8.0 Hz, H-7, H-7′), 6.52 (2 H, d, J = 13.6 Hz, CH=CH-CH), 4.28 (2 
H, s, C≡C-H ×2), 3.65 (6 H, s, N-CH3, N′-CH3), 1.68 (12 H, s, 3-CH3 ×2, 
3′-CH3 ×2) ppm. 
 
13C NMR  (100 MHz, DMSO)  175.1 (2 C, C-2, C-2′), 150.3 (CH=CH-CH), 143.5, 
141.5 (2 C, C-3a, C-3a′; 2 C, C-7a, C-7a′), 133.0 (2 C, C-6, C-6′), 126.2 (2 
C, C-4, C-4′), 118.7 (2 C, C-5, C-5′), 112.3 (2 C, C-7, C-7′), 104.2 (2 C, 
CH=CH-CH), 83.9 (2 C, C≡C-H ￗ2), 81.8 (2 C, C≡C-H ×2), 49.3 (2 C, C-
3, C-3′), 32.1 (2 C, N-CH3, N′-CH3), 27.6 (4 C, 3-CH3 ×2, 3′-CH3 ×2) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 405.23 for C29H29N2
+ [M-I
-]
+; found m/z: 
405.1 (100 %), 406.2 (29.0 %), 407.2 (4.5 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS  [ESI+, MeOH] calculated mass: 405.2325 for C29H29N2
+ [M-I
-]
+; found m/z: 
405.2319 
 
UV/Vis  (MeOH) λmax = 565 nm, λem = 582 nm, ε = 118000 M
-1 cm
-1.  
 
 
6.2.18. Synthesis of Symmetric Cy5 
 
6.2.18.1. Synthesis of 2-[5-(2,3-Dihydro-5-iodo-1,3,3-trimethyl-1H-indol-2-ylidene)-1,3-
pentadienyl]-5-iodo-1,3,3-trimethyl-3H-indolium Iodide (56) 
 
1
2
3
4
5
6
7
3a
7a 1'
2'
3'
4'
5'
6'
7'
3a'
7a' N+ N
56
I
I-
I
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5-Iodo-1,2,3,3-tetramethyl-3H-indolium  iodide  7  (5.0  g,  11.71  mmol,  1  eq)  and 
malondialdehyde bis(phenylimine) monohydrochloride 13 (3.0 g, 11.71 mmol, 1eq) were 
suspended in acetic anhydride (35 mL) and the reaction mixture was heated at reflux. After 
30 minutes the reaction mixture was cooled to room temperature and a solution of 5-iodo-
1,2,3,3-tetramethyl-3H-indolium iodide 7 (5.0 g, 11.71 mmol, 1 eq) in anhydrous pyridine 
(25 mL) was added and the reaction mixture stirred under argon at ambient temperature 
overnight. The solvent was removed in vacuo, the residue dissolved in chloroform and then 
precipitated with hexane. The supernatant was decanted and the residual oil dissolved in 
chloroform, washed with water, and 0.1 M HCl. The organic layer was separated, dried 
over sodium sulphate and the solvent was removed in vacuo. The residue was purified by 
column chromatography (0-5 % MeOH/DCM) to give the product 56 as a blue solid with 
70 % yield (2.68 g, 3.51 mmol). Mw = 762.25 g/mol (C27H29I3N2). 
 
Rf:    0.49 [DCM/MeOH 9:1 v/v] 
 
1H NMR  (400 MHz, CDCl3)  8.26 - 8.12 (2 H, m, CH=CH-CH=CH-CH), 7.56 - 
7.47 (2 H, m, H-4, H-4′), 7.43 - 7.37 (2 H, m, H-6, H-6′), 7.35 - 7.21 (2 H, 
m, H-7, H-7′), 6.69 - 6.59 (1 H, m, CH=CH-CH=CH-CH), 6.32 (2 H, d, J = 
8.3 Hz, CH=CH-CH=CH-CH), 3.01 (6 H, s, N-CH3, N′-CH3), 1.32 (12 H, s, 
3-CH3 ×2, 3′-CH3 ×2) ppm. 
 
13C NMR   (100 MHz, CDCl3)  174.9 (2 C, C-2, C-2′), 151.5 (2 C, CH=CH-CH=CH-
CH), 142.4, 141.4 (2 C, C-3a, C-3a′; 2 C, C-7a, C-7a′), 136.1, 129.0 (2 C, 
C-4, C-4′; 2 C, C-6, C-6′),124.3 (CH=CH-CH=CH-CH), 110.5 (2 C, C-7, 
C-7′), 107.1 (2 C, CH=CH-CH=CH-CH), 90.0 (2 C, C-5, C-5′), 44.1 (2 C, 
C-3, C-3′), 29.8 (2 C, N-CH3, N′-CH3), 27.8 (4 C, 3-CH3 ×2, 3′-CH3 ×2), 
ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 635.04 for C27H29I2N2
+ [M-I
-]
+; found m/z: 
635.2 (100 %), 636.2 (27.1 %), 637.3 (3.2 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS  [ESI+, MeOH] calculated mass: 635.0415 for C27H29I2N2
+ [M-I
-]
+; found 
m/z: 635.0414 Chapter 6 - Experimental 
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6.2.18.2.  Synthesis  of  2-[5-(2,3-Dihydro-5-(trimethylsilyl)ethynyl-1,3,3-trimethyl-1H-
indol-2-ylidene)-1,3-pentadienyl]-5-(trimethylsilyl)ethynyl-1,3,3-trimethyl-3H-indolium 
Iodide (57) 
 
1
2
3
4
5
6
7
3a
7a 1'
2'
3'
4'
5'
6'
7'
3a'
7a' N+ N
57
I-
Si Si
 
 
Symmetric bis-iodo-Cy5 56 (2.54 g, 3.33 mmol, 1 eq), was dissolved in anhydrous DMF 
(17 mL) and triethylamine (12 mL). The copper (I) iodide (0.13 g, 0.67 mmol, 0.2 eq) and 
(trimethylsilyl)acetylene (2.82 mL, 19.98 mmol, 6 eq) were then added and the reaction 
mixture was stirred for 10 minutes before tetrakis(triphenylphosphine)palladium (0) (0.39 
g, 0.33 mmol, 0.1 eq) was added. The reaction was stirred at room temperature, under 
argon for 14 hours. The reaction mixture was filtered through Celite to remove palladium, 
diluted with DCM and washed with sodium bicarbonate, then brine. The organic layer was 
separated, dried over sodium sulphate, filtered, and evaporated. The crude mixture was 
purified  by  column  chromatography  (0-20  %  MeOH  in  DCM/EtOAc  1:1)  to  give  the 
product 57 as a dark gold foam with 16 % yield (0.37 g, 0.53 mmol). Mw = 702.86 g/mol 
(C37H47IN2Si2). 
 
Rf:    0.34 [DCM/MeOH 9:1 v/v] 
 
1H NMR   (400 MHz, DMSO)  8.32 (2 H, t, J = 13.1 Hz, CH=CH-CH=CH-CH), 7.77 
(2 H, d, J = 1.0 Hz, H-4, H-4′), 7.48 (2 H, dd, J = 8.1, 1.52 Hz, H-6, H-6′), 
7.37 (2 H, d, J = 8.6 Hz, H-7, H-7′), 6.55 (1 H, t, J = 12.4 Hz, CH=CH-
CH=CH-CH), 6.29 (2 H, d, J = 14.2 Hz, CH=CH-CH=CH-CH), 3.60 (6 H, 
s, N-CH3, N′-CH3), 1.65 (12 H, s, 3-CH3 ×2, 3′-CH3 ×2), 0.23 - 0.21 (18 H, 
m, Si(CH3)3 ×2) ppm. 
 
13C NMR   (100 MHz, DMSO)  173.3 (2 C, C-2, C-2′), 154.5 (2 C, CH=CH-CH=CH-
CH), 143.1, 141.5 (2 C, C-3a, C-3a′; 2 C, C-7a, C-7a′), 132.2 (2 C, C-6, C-
6′),126.0 (CH=CH-CH=CH-CH), 125.7 (2 C, C-4, C-4′), 118.0 (2 C, C-5, Chapter 6 - Experimental 
 
  205 
C-5′),  111.2  (2  C,  C-7,  C-7′),  105.4  (2  C,  C≡C-Si(CH3)3),  104.1  (2  C, 
CH=CH-CH=CH-CH), 94.2 (2 C, C≡C-Si(CH3)3), 48.7 (2 C, C-3, C-3′), 
31.3 (2 C, N-CH3, N′-CH3), 26.7 (4 C, 3-CH3 ×2, 3′-CH3 ×2), -0.1 (6 C, 
Si(CH3)3) ppm. 
 
LRMS   [ESI+,  MeOH]  calculated  mass:  575.33  for  C37H47N2Si2
+  [M-I
-]
+;  found 
m/z: 575.5 (100 %), 576.5 (87.3 %), 577.5 (32.3 %), 578.6 (8.3 %), 579.6 
(1.6 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
 
6.2.18.3.  Synthesis  of  2-[5-(2,3-Dihydro-5-ethynyl-1,3,3-trimethyl-1H-indol-2-ylidene)-
1,3-pentadienyl]-5-ethynyl-1,3,3-trimethyl-3H-indolium Iodide (58) 
 
1
2
3
4
5
6
7
3a
7a 1'
2'
3'
4'
5'
6'
7'
3a'
7a' N+ N
58
I-
 
 
Symmetric  silyl-ethynyl-Cy5  57  (0.35  g,  0.50  mmol,  1  eq)  was  dissolved  in  freshly 
distilled THF (6 mL), then 1 M solution of tetrabutylammonium fluoride in THF (1.49 mL, 
1.49 mmol, 3 eq) was added and the reaction was stirred under argon, at room temperature 
for  10  minutes.  The  reaction  mixture  was  diluted  with  DCM,  washed  with  sodium 
hydrogen  carbonate  and  brine.  The  organic  layer  was  separated,  dried  over  sodium 
sulphate,  filtered,  and  evaporated.  The  crude  material  was  purified  by  column 
chromatography (0-2 % MeOH in DCM) to afford product 58 as a dark gold foam with 76 
% yield (0.21 g, 0.38 mmol). Mw = 558.50 g/mol (C31H31IN2). 
 
Rf:  0.17 [DCM/MeOH 95:5 v/v] 
 
1H NMR 
1H NMR (400 MHz, DMSO)  8.34 (2 H, t, J = 13.1 Hz, CH=CH-CH=CH-
CH), 7.79 (2 H, d, J = 1.5 Hz, H-4, H-4′), 7.51 (2 H, dd, J = 8.1, 1.5 Hz, H-
6, H-6′), 7.38 (2 H, d, J = 8.1 Hz, H-7, H-7′), 6.58 (1 H, t, J = 12.4 Hz, 
CH=CH-CH=CH-CH), 6.30 (2 H, d, J = 14.2 Hz, CH=CH-CH=CH-CH), Chapter 6 - Experimental 
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4.22 (2 H, s, C≡C-H ×2), 3.60 (6 H, s, N-CH3, N′-CH3), 1.68 (12 H, s, 3-
CH3 ×2, 3′-CH3 ×2) ppm. 
 
13C NMR 
13C  NMR  (100  MHz,  DMSO)    173.3  (2  C,  C-2,  C-2′),  154.3  (2  C, 
CH=CH-CH=CH-CH), 143.0, 141.4 (2 C, C-3a, C-3a′; 2 C, C-7a, C-7a′), 
132.2 (2 C, C-6, C-6′), 125.9 (CH=CH-CH=CH-CH) 125.7 (2 C, C-4, C-4′), 
117.5  (2  C,  C-5,  C-5′),  111.2  (2  C,  C-7,  C-7′),  103.9  (2  C,  CH=CH-
CH=CH-CH), 83.5 (2 C, C≡C-H ￗ2), 80.9 (2 C, C≡C-H ×2), 48.7 (2 C, C-
3, C-3′), 31.2 (2 C, N-CH3, N′-CH3), 26.8 (4 C, 3-CH3 ×2, 3′-CH3 ×2) ppm. 
 
LRMS   [ESI+, MeOH] calculated mass: 431.248 for C31H31N2
+ [M-I
-]
+; found m/z: 
431.3 (49.3 %), 432.3 (16.6 %), 433.4 (2.6 %). 
[ESI-, MeOH] calculated mass: 126.91 for [I]
-; found m/z: 126.9 (100 %). 
 
HRMS  [ESI+, MeOH] calculated mass: 431.2482 for C31H31N2
+ [M-I
-]
+; found m/z: 
431.2479 
 
UV/Vis  (MeOH) λmax = 658 nm, λem = 678 nm, ε = 158000 M
-1 cm
-1.  
 
 
6.2.19. Synthesis of 2′-Mesyloxyethyl Ribothymidine Monomer 
 
6.2.19.1. Synthesis of 2,2′-Anhydro-5-methyluridine (59)
12 
 
N
O
N
O
OH
HO O
59
1
2
3
4
5
6
7
1'
2' 3'
4'
5'
 
 
5-Methyluridine (5.0 g, 19.36 mmol, 1 eq), diphenyl carbonate (6.22 g, 29.04 mmol, 1.5 
eq) and sodium hydrogen carbonate (0.16 g, 1.94 mmol, 0.1 eq) were dissolved in 
anhydrous DMF (6 mL). The reaction mixture was heated at 100 °C for 2 h, and then Chapter 6 - Experimental 
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cooled to room temperature. After the solvent was removed in vacuo, diethyl ether was 
added and the mixture was stirred to form a thick pale gum. The ether was decanted off 
and the residue was recrystallised from ethanol to give the product 59 as a white powder 
with 96 % yield (4.45 g, 18.52 mmol). Mw = 240.07 g/mol (C10H12N2O5). 
 
Rf:    0.32 [DCM/MeOH 8:2 v/v] 
     
1H NMR  (300 MHz, DMSO)  7.74 (1 H, d, J = 1.1 Hz, H-6), 6.29 (1 H, d, J = 5.5 
Hz, H-1′), 5.87 (1 H, br. s., 3′-OH), 5.17 (1 H, d, J = 5.9 Hz, H-2′), 4.96 (1 
H, t, J = 5.1 Hz, 5′-OH), 4.37 (1 H, br. s., H-3′), 4.06 (1 H, t, J = 4.9 Hz, H-
4′), 3.29 – 3.12 (2 H, m, H-5′ ×2), 1.79 (3 H, s, 5-CH3) ppm.  
 
13C NMR  (75 MHz, DMSO)  171.7 (C-4), 159.4 (C-2), 132.3 (C-6), 116.7 (C-5), 
90.2 (C-1′), 89.1 (C-4′), 88.5 (C-2′), 74.7 (C-3′), 60.8 (C-5′), 13.5 (5-CH3) 
ppm. 
 
LRMS  [ESI+, MeOH] calculated mass: 240.07 for C10H12N2O5 [M]
+; found m/z: 
241.2 (7.7 %) [M+H]
+, 304.2 (100 %) [M+CH3CN+Na]
+, 503.3 (56.9 %) 
[2M+Na]
+. 
 
Data consistent with literature
12 
 
 
6.2.19.2. Synthesis of 5′-O-(4,4′-Dimethoxytrityl)-2,2′-anhydro-5-methyluridine (60)
12  
 
N
O
N
O
OH
O O
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2,2′-Anhydro-5-methyluridine 59 (4.21 g, 17.53 mmol, 1 eq) was dissolved in anhydrous 
pyridine (26 mL) and while the suspension was stirred the 4,4′-dimethoxytriltyl chloride 
(7.10 g, 21.04 mmol, 1.2 eq) was added dropwise in anhydrous pyridine (20 mL) over a 
period of 40 minutes. The reaction mixture was stirred at room temperature under argon. 
After 2 hours, a solution of methanol (30 mL) and triethylamine (2 mL) was added and the 
reaction mixture was stirred for 30 minutes, then the solvent was removed in vacuo. The 
crude  mixture  was  dissolved  in  DCM  and  extracted  with  saturated  aqueous  sodium 
bicarbonate.  The  organic  layer  was  separated,  dried  over  anhydrous  sodium  sulphate, 
filtered  and  then  the  solvent  was  removed  in  vacuo.  Column  chromatography  (0-5  % 
MeOH/DCM with constant 1 % pyridine) afforded product 60 as a white solid with 95 % 
yield (9.07 g, 16.73 mmol). Mw = 542.21 g/mol (C31H30N2O7). 
 
Rf:    0.46 [DCM/MeOH 9:1 v/v + 1 % pyridine] 
 
1H NMR  (300 MHz, DMSO)  7.85 (1 H, d, J = 1.1 Hz, H-6), 7.31 - 7.18 (5 H, m, H-
Ar), 7.13 (4 H, dd, J = 8.8, 2.2 Hz, H-10), 6.83, 6.81 (2 H, d, J = 8.7 Hz, H-
11; 2 H, d, J = 8.7 Hz, H-11), 6.32 (1 H, d, J = 5.9 Hz, H-1′), 5.95 (1 H, d, J 
= 4.4 Hz, 3′-OH), 5.19 (1 H, d, J = 5.5 Hz, H-2′), 4.29 (1 H, d, J = 3.3 Hz, 
H-3′), 4.27 - 4.18 (1 H, m, H-4′), 3.73 (6 H, d, J = 1.1 Hz, O-CH3 ×2), 2.92 
(1 H, dd, J = 10.2, 9.9 Hz, H-5′), 2.79 (1 H, dd, J = 10.1, 7.5 Hz, H-5′), 1.79 
(3 H, s, 5-CH3) ppm.  
 
13C NMR  (75 MHz, DMSO)  171.4 (C-4), 158.9 (C-2), 158.0 (C-12), 144.7 (C-Ar), 
135.2 (C-9), 132.2 (C-6), 129.5, 127.8, 127.5, 126.7 (C-Ar), 116.9 (C-5), 
113.2 (C-11), 90.0 (C-1′), 88.1 (C-2′), 86.9 (C-3′), 85.4 (C-8), 74.8 (C-4′), 
63.0 (C-5′), 55.0 (O-CH3), 13.5 (5-CH3) ppm. 
 
LRMS  [ESI+, MeOH] calculated mass: 542.20 for C31H30N2O7 [M]
+; found m/z: 
565.3 (100 %) [M+Na]
+, 1107.9 (31.8 %) [2M+Na]
+. 
 
Data consistent with literature
12 
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6.2.19.3. Synthesis of 5′-O-(4,4′-Dimethoxytrityl)-2′-O-(2-hydroxyethyl)-5-methyluridine 
(61)
12 
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Sodium hydrogen carbonate (1.89 g, 22.50 mmol, 0.5 eq) was dissolved in anhydrous 
DMF (48 mL) and ethylene glycol (12.55 mL, 224.95 mmol, 5 eq) was added under argon. 
After the reaction was heated to 160 °C, titanium (IV) isopropoxide  (26.64 mL, 89.98 
mmol, 2 eq) was added and the reaction mixture was heated at reflux for 3 hours. The 
temperature  was  reduced  to  150  °C  before   5′-O-(4,4′-Dimethoxytrityl)-2,2′-anhydro-5-
methyluridine 60 (24.41 g, 44.99 mmol, 1 eq) was added in anhydrous DMF (96 mL) in 
portions.  The  reaction  mixture  was  heated  at  reflux  overnight,  then  cooled  to  room 
temperature and the DMF was removed in vacuo. The residue was dissolved in an excess 
of DCM and centrifuged for 20 minutes at 4 °C to remove the solid titanium complex. The 
solution was decanted off and the solvent removed in vacuo. The residual oil was purified 
by column chromatography (0-5 % MeOH/DCM with constant 1 % pyridine) to afford the 
product 61 with 57 % yield (15.35 g, 25.40 mmol). Mw = 604.24 g/mol (C33H36N2O9). 
 
 Rf:    0.66 [DCM/i-PrOH 9:1 v/v] 
     
1H NMR 
1H NMR (300 MHz, DMSO)  11.38 (1 H, br. s., N-H), 7.50 (1 H, s, H-6), 
7.44 - 7.15 (9 H, m, H-Ar), 6.90 (4 H, d, J = 8.8 Hz, H-11), 5.86 (1 H, d, J = 
4.4 Hz, H-1′), 5.12 (1 H, d, J = 6.2 Hz, 3′-OH), 4.76 (1 H, t, J = 5.1 Hz, H-
20), 4.26 (1 H, q, J = 5.5 Hz, H-3′), 4.10 (1 H, t, J = 4.8 Hz, H-2′), 3.97 (1 
H, br. s., H-4′), 3.74 (6 H, s, O-CH3 ×2), 3.69 - 3.45 (4 H, m, H-18, H-19), 
3.29 - 3.13 (2 H, m, H-5′), 1.40 (3 H, s, 5-CH3) ppm. 
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13C NMR 
13C  NMR  (75  MHz,  DMSO)    163.7  (C-4),  158.2  (C-12),  150.5  (C-2), 
144.7, 135.6, 135.4 (C-Ar), 135.2 (C-6), 129.8, 128.0, 127.7, 126.9 (C-Ar), 
113.3 (C-11), 109.6 (C-5), 86.6 (C-1′), 85.9 (C-8), 82.9 (C-4′), 81.0 (C-2′), 
71.7 (C-18), 69.0 (C-3′), 63.2 (C-5′), 60.3 (C-19), 55.1 (2 C, O-CH3), 11.7 
(5-CH3) ppm. 
 
LRMS  [ESI+, MeOH] calculated mass: 604.24 for C33H36N2O9 [M]
+; found m/z: 
627.4 (100 %) [M+Na]
+, 668.5 (26.3 %) [M+CH3CN+Na]
+. 
 
Data consistent with literature
12 
 
 
6.2.19.4.  Synthesis  of  5′-O-(4,4′-Dimethoxytrityl)-2′-O-(2-methanesulfonylethyl)-5-
methyluridine (62)
12 
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5′-O-(4,4′-Dimethoxytrityl)-2′-O-(2-hydroxyethyl)-5-methyluridine  61  (15.18  g,  25.12 
mmol, 1 eq) was dissolved in anhydrous DCM (250 mL) and the solution was cooled to -
70 °C before triethylamine (34 mL) was added. Then methanesulfonyl chloride (2.93 mL, 
37.68 mmol, 1.5 eq) was added dropwise in anhydrous DCM (29 mL) over a period of 40 
minutes. The reaction mixture was stirred at -70 °C for 5 hours, then quenched with MeOH 
(70 mL) and stirred for a further 15 minutes before warming to room temperature. The 
solvent was removed under reduced pressure, the residue dissolved in DCM and washed 
with saturated potassium chloride. The organic layer was separated, dried over anhydrous 
sodium sulphate, filtered and the solvent was removed in vacuo. The crude product was 
purified by column chromatography (0-10 % i-PrOH/DCM with constant 1 % pyridine). Chapter 6 - Experimental 
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The compound 62 was obtained as a white solid with 60 % yield (10.30 g, 15.10 mmol). 
Mw = 682.22 g/mol (C34H38N2O11S). 
  
Rf:    0.33 [DCM/i-PrOH 95:5 v/v] 
     
1H NMR  (300 MHz, DMSO)  11.41 (N-H), 7.50 (1 H, s, H-6), 7.44 - 7.15 (9 H, m, 
H-Ar), 6.90 (4 H, d, J = 8.4 Hz, H-11), 5.85 (1 H, d, J = 4.0 Hz, H-1′), 5.28 
(1 H, d, J = 6.0 Hz, 3′-OH), 4.53 - 4.40 (2 H, m, H-3′, H-18 or H-19), 4.30 - 
4.20 (1 H, m, H-19 or H-18), 4.08 (1 H, t, J = 4.6 Hz, H-4′), 3.94 - 3.80 (2 
H, m, H-2′, H-18 or H-19), 3.74 (6 H, s, O-CH3 ×2), 3.28 - 3.19 (2 H, m, H-
5′), 3.17 (3 H, s, H-20), 1.42 (3 H, s, 5-CH3) ppm.  
 
13C NMR  (75 MHz, DMSO)  163.7 (C-4), 158.2 (C-12), 150.4 (C-2), 144.6 (C-Ar), 
136.1, 135.4, 135.2 (C-9 ×2, C-6), 129.8, 128.0, 127.7, 126.8 (C-Ar), 113.3 
(C-11), 109.6 (C-5), 86.9 (C-1′), 85.9 (C-8), 82.7, 81.2 (C-2′, C-4′), 69.6, 
68.7, 67.9 (C-3′, C-18, C-19), 62.9 (C-5′), 55.1 (2 C, O-CH3 ×2), 36.8 (C-
20), 11.8 (5-CH3) ppm. 
 
LRMS  [ESI+, MeOH] calculated mass: 682.22 for C34H38N2O11S [M]
+; found m/z: 
705.4 (89.2 %) [M+Na]
+. 
 
Data consistent with literature
12 
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6.2.19.5.  Synthesis  of  5′-O-(4,4′-Dimethoxytrityl)-2′-O-(2-methanesulfonylethyl)-5-
methyluridine-3′-O-(2-cyanoethyl-N,N-diisopropyl)phosphoramidite (63) 
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5′-O-(4,4′-Dimethoxytrityl)-2′-O-(2-methanesulfonylethyl)thymidine  62  (4.23  g,  6.20 
mmol,  1  eq)  was  co-evaporated  3  times  with  anhydrous  DCM  and  dried  overnight  in 
vacuo. 2′-Ethoxymesyl-T 62 was dissolved in anhydrous DCM (40 mL) followed by the 
addition of anhydrous  DIPEA (2.70 mL, 15.50 mmol, 2.5 eq). The 2-cyanoethyl-N,N′-
diisopropylchlorophosphoramidite (1.95 mL, 8.68 mmol, 1.4 eq) was added dropwise and 
the reaction mixture stirred under argon for 4 hours, then transferred to a separating funnel 
containing  degassed  DCM  (40  mL).  The  reaction  mixture  was  washed  with  degassed 
saturated potassium chloride (3 x 40 mL). The organic layer was separated, dried over 
anhydrous sodium sulphate, filtered and the solvent removed under reduced pressure. The 
crude  product  was  purified  by  column  chromatography  under  argon  pressure  (70  % 
EtOAc/hexane with constant 1 % pyridine) to give compound 63 as a white foam with 48 
% yield (2.64 g, 2.99 mmol). Mw = 882.96 g/mol (C43H55N4O12PS).     
 
Rf:    0.44 [EtOAc/hexane 8:2 v/v + 1 % pyridine] 
     
31P NMR  (300 MHz, CD3CN) δ 151.1, 150.5 ppm 
 
1H NMR  (300 MHz, CD3CN) δ 8.57 (1 H, d, J = 4.0 Hz, N-H), 7.56 (1 H, s, H-6), 
7.51 - 7.40 (2 H, m, H-Ar), 7.39 - 7.21 (7 H, m, H-Ar), 6.94 - 6.79 (4 H, m, 
H-11), 5.91 (1 H, t, J = 4.0 Hz, H-1′), 4.58 - 4.42 (1 H, m, H-3′), 4.42 - 4.26 
(2 H, m, H-19 or 18 ), 4.24 - 4.11 (2 H, m, H-2′, H-4′), 4.09 - 3.83 (3 H, m, Chapter 6 - Experimental 
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H-18 or 19, H-21), 3.76 (6 H, d, J = 2.1 Hz, OCH3 ×2), 3.66 - 3.52 (3 H, m, 
H-21, H-23), 3.51 - 3.38 (1 H, m, H-5′), 3.37 - 3.24 (1 H, m, H-5′), 3.04 (3 
H, d, J = 2.6 Hz, H-20), 2.68 (1 H, t, J = 5.9 Hz, H-22), 2.49 (1 H, t, J = 6.0 
Hz, H-22), 1.38 (3 H, d, J = 9.0 Hz, H-7), 1.24 - 1.08 (9 H, m, H-24), 1.03 
(3 H, d, J = 6.6 Hz, H-24) ppm. 
 
 
6.2.20. Synthesis of TBTA Ligand 
 
6.2.20.1. Synthesis of the Tris-(benzyltriazolylmethyl)amine – TBTA Ligand (64)
30 
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Tripropargylamine (0.24 mL, 1.67 mmol, 1 eq) was dissolved in acetonitrile (2.5 mL) and 
then benzyl azide (0.94 mL, 7.51 mmol, 4.5 eq), 2,6-lutidine (0.20 mL, 1.67 mmol, 1 eq) 
and tetrakis(acetonitrile)copper (I) hexafluorophosphate (8.10 mg, 21.50 μmol, 0.01 eq) 
were added and the reaction mixture was stirred at room temperature for 3 days. A small 
sample of the reaction mixture was analysed by mass spectrometry showing the presence 
of the product and double substituted intermediate, an additional 1.5 eq of benzylazide 
(0.31 mL) and 0.01 eq of tetrakis(acetonitrile)copper (I) hexafluorophosphate (8.10 mg) 
were added and after 24 hours of stirring at room temperature, a  white solid precipitated 
out from the reaction mixture. The solid was filtered off and washed with cold acetonitrile 
to give product 64 as a white solid with 44 % yield (0.39 g, 0.74 mmol). Mw = 530.63 
g/mol.  
 
Rf:    0.42 [DCM/MeOH 95:5 v/v] 
   Chapter 6 - Experimental 
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1H NMR   (300 MHz, CDCl3)  7.66 (3 H, s, triazole), 7.37 - 7.32 (9 H, m, H-Ar), 7.28 
- 7.23 (6 H, m, H-Ar), 5.50 (6 H, s, PhCH2), 3.70 (6 H, s, N-CH2-triazole) 
ppm. 
 
13C NMR   (75 MHz, CDCl3)  144.4 (3 C, C-triazole), 134.9 (3 C, C-Ar), 129.2 (3 C, 
CH-Ar), 128.8 (6 C, CH-Ar), 128.1 (6 C, CH-Ar), 123.9 (3 C, CH-triazole), 
54.2 (3 C, PhCH2), 47.2 (3 C, N-CH2-triazole) ppm. 
 
LRMS  [ESI+,  MeOH]  calculated  mass:  530.27  for  C30H30N10  [M]
+;  found  m/z: 
553.3 (100 %), 554.4 (31.7 %), 555.4 (2.9 %) [M+Na]
+; 531.3 (16.4 %), 
532.4 (5.1 %) [M+H]
+.  
 
Data consistent with literature
30 
 
 
6.2.21. Synthesis of Disperse Blue Phosphoramidite 
 
6.2.21.1. Synthesis of 4-Bromo-1-(methylamino)anthraquinone (65) 
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1-(Methylamino)anthraquinone (30.0 g, 126.44 mmol, 1 eq) was suspended in propionic 
acid (126 mL), acetic acid (216 mL) and hydrobromic acid (14.34 mL). The reaction 
mixture was stirred at 50 °C for 2 hours then cooled to 0 °C before bromine (7.08 mL, 
138.16 mmol, 1.1 eq) was added dropwise to the reaction mixture. After stirring at 0 °C for 
1 hour, the solution of sodium metabisulphite (3.36 g) in water (342 mL) was added to 
quench the reaction. After 30 minutes, the solid was filtered off, washed with  water until 
pH of the filtrate was pH~5, and dried over phosphorus pentoxide. The product  65 was 
obtained as a red solid with 98 % yield (39.17 g, 123.89 mmol). Mw = 316.15 g/mol.  
Rf:    0.86 [toluene/EtOAc 1:1 v/v] Chapter 6 - Experimental 
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1H NMR   (300 MHz, CDCl3)  9.99 (1 H, br. s., N-H), 8.20 (2 H, ddd, J = 8.8, 4.0, 
1.46 Hz, H-5, H-8), 7.76 – 7.69 (3 H, m, H-3, H-6, H-7), 6.87 (1 H, d, J = 
9.2 Hz, H-2), 3.03 (3 H, s, N-CH3) ppm. 
 
13C NMR   (75 MHz, CDCl3)  184.3, 182.9 (C-9, C-10), 152.2 (C-1), 142.3 (C-3), 
133.6 (C-6 or C-7), 133.4 (C-5a or C-8a), 133.2 (C-6 or C-7), 131.4 (C-5a 
or C-8a), 126.9, 126.1 (C-5, C-8), 118.0 (C-2), 114.6 (C-4), 108.3 (2 C, C-
1a, C-4a), 29.7 (N-CH3) ppm. 
 
LRMS  [ESI+, MeOH] calculated mass: 314.99 for C15H10BrNO2 [M]
+; found m/z: 
316.1 (97.3 %), 317.2 (17.1 %), 318.1 (100 %), 319.2 (15.9 %), 320.1 (2.2 
%) [M+Na]
+; 357.1 (37.3 %), 358.2 (6.5 %), 359.1 (38.7 %), 360.1 (7.2 %), 
361.2 (1.6 %) [M+CH3CN+H]
+.  
 
Experimental procedure of bromination based on literature.
186 
Data consistent with literature
246 
 
 
6.2.21.2.  Synthesis  of  4-[(6-Hydroxyhexyl)amino]-1-(methylamino)anthraquinone 
(66)
247 
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4-bromo-1-(methylamino)anthraquinone 65 (0.50 g, 1.58 mmol, 1 eq) was dissolved in 
toluene  (10  mL)  and  triethylamine  was  added  (2.20  mL,  15.80  mmol,  10  eq).  Upon 
addition  of  6-amino-1-hexanol  (1.85  g,  15.80  mmol,  10  eq)  the  reaction  mixture  was 
heated at reflux for 48 hours. The reaction was diluted with DCM and washed with water 
and brine. The organic layer was separated, dried over sodium sulphate, filtered and the 
solvent removed in vacuo. The crude product was purified by column chromatography Chapter 6 - Experimental 
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(toluene/ethyl acetate 1:1) to provide a clean compound 66 as a blue solid with 38 % yield 
(0.21 g, 0.60 mmol). Mw = 352.43 g/mol (C21H24N2O3). 
 
Rf:    0.36 [toluene/EtOAc 1:1 v/v] 
 
1H NMR   (400 MHz, DMSO)  10.81 (1 H, br. s., N-H), 10.63 (1 H, d, J = 4.5 Hz, 
NHCH3), 8.22 (2 H, d, J = 2.5 Hz, H-5, H-8), 7.7 (2 H, dd, J = 5.5, 3.0 Hz, 
H-6, H-7), 7.42, 7.44 (1 H, d, J = 18.0 Hz; 1 H, d, J = 18.0 Hz; H-2, H-3), 
4.34 (1 H, t, J = 4.8 Hz, OH), 3.53 - 3.33 (4 H, m, H-11 ×2, H-16 ×2), 3.07 
(3 H, d, J = 4.5 Hz, N-CH3), 1.69 - 1.62 (2 H, m, H-12 ×2), 1.52 - 1.15 (6 H, 
m, H-13 ×2, H-14 ×2, H-15 ×2) ppm. 
 
13C NMR   (100 MHz, DMSO)  180.6, 180.5 (C-9, C-10), 146.7, 146.0 (C-1, C-4), 
133.8 (2 C, C-5a, C-8a), 132.2 (2 C, C-6, C-7), 125.7, 125.6 (C-5, C-8), 
124.5, 124.2 (C-2, C-3), 108.3, 108.2 (C-1a, C-4a), 60.6 (C-16), 42.0 (C-
11), 32.5 (C-15), 29.2 (C-12), 29.2 (N-CH3), 26.4, 25.2 (C-13, C-14) ppm. 
 
LRMS  [ESI+, MeOH] calculated mass: 352.18 for C21H24N2O3 [M]
+; found m/z: 
352.3 (13.7 %), 353.3 (4.8 %) [M]
+; 375.3 (16.9 %) [M+Na]
+; 416.3 (100 
%), 417.3 (25.0 %), 418.3 (4.1 %) [M+CH3CN+Na]
+.  
 
Data consistent with literature
247 
 
 
6.2.21.3.  Synthesis  of  1-(Methylamino)-4-[(6-O-(2-cyanoethyl-N,N-diisopropyl)-
hexyl)amino]phosphoramidite Anthraquinone (67) 
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4-[(6-hydroxyhexyl)amino]-1-(methylamino)anthraquinone 66 (0.91 g, 2.58 mmol, 1 eq) 
was  coevaporated  with  anhydrous  pyridine  and  dried  overnight  in  vacuo,  then  it  was 
coevaporated 3 times with anhydrous DCM and dried again in vacuo. After 20 minutes the 
compound 66 was dissolved in anhydrous DCM (20 mL) with a few drops of anhydrous 
DMF to improve the solubility, followed by the addition of anhydrous DIPEA (1.12 mL, 
6.44 mmol, 2.5 eq). The 2-cyanoethyl-N,N′-diisopropylchlorophosphoramidite (0.69 mL, 
3.09 mmol, 1.2 eq) was added dropwise and the reaction mixture stirred under argon at 
room temperature for 1 hour, then transferred to the separating funnel containing degassed 
DCM  (30  mL).  The  reaction  mixture  was  washed  with  degassed  saturated  aqueous 
potassium  chloride  (30  mL).  The  organic  layer  was  separated,  dried  over  anhydrous 
sodium sulphate, filtered and the solvent was removed under reduced pressure. The crude 
product was purified by column chromatography (hexane/EtOAc 2:1, then hexane/EtOAc 
1:1 with constant 0.5 % pyridine) under argon pressure. The clean product 67 was obtained 
as a blue foam with 59 % yield (0.84 g, 1.51 mmol). Mw = 552.645 g/mol (C30H41N4O4P). 
  
Rf:    0.67 [hexane/EtOAc 1:1 v/v + 1 % pyridine] 
 
31P NMR  (300 MHz, CD3CN)  148.17 ppm. 
 
1H NMR 
1H NMR (400 MHz, CD3CN)  10.69 (1 H, t, J = 5.1 Hz, NH), 10.54 (1 H, 
d, J = 4.6 Hz, NHCH3), 8.26 - 8.19 (2 H, m, H-6, H-9), 7.72 - 7.65 (2 H, m, 
H-7, H-8), 7.24 (2 H, d, J = 2.0 Hz, H-2, H-3), 3.82 - 3.69 (2 H, m, H-19 
×2), 3.69 - 3.53 (4 H, m, H-16 ×2, H-17 ×2), 3.38 - 3.30 (2 H, m, H-11 ×2), 
3.04 (3 H, d, J = 5.6 Hz, N-CH3), 2.62 (2 H, t, J = 6.1 Hz, H-18 ×2), 1.75 - 
1.39 (8 H, m, H-12 ×2, H-13 ×2, H-14 ×2, H-15 ×2), 1.14 (12 H, dd, J = 
6.8, 1.3 Hz, H-20 x12) ppm. 
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6.3. Oligonucleotide Synthesis 
 
Oligonucleotides  were  synthesised  using  an  Applied  Biosystems  394    automated 
DNA/RNA  synthesiser  with  a  standard  1.0  μmole  phosphoramidite  cycles  of  acid-
catalysed detritilation, coupling, capping and iodine oxidation. Unmodified standard DNA 
phosphoramidites  and  reagents  were  purchased  from  Link  Technologies  Ltd. 
Oligonucleotides  containing  2′-mesyloxyethyl-T  modification  were  synthesised  on 
columns,  which  were  manually  packed  with  the  3′-propanol  resin.  Overall  yields  of 
oligonucleotide  synthesis  and  coupling  efficiencies  were  determined  by  the  automated 
trityl  cation  conductivity  monitoring  facility  and  were  over  98  %.  All  β-cyanoethyl 
phosphoramidite monomers were dissolved in anhydrous acetonitrile (0.1 M concentration) 
before use. The coupling time for DNA unmodified monomers was 35 s, for the RNA 
unmodified monomers was 8 min. and for the 2′-mesyloxyethyl-T modified monomer it 
was  10  min.  Unmodified  oligonucleotides  were  cleaved  from  the  solid  support  and 
deprotected  by  treatment  with  concentrated  aqueous  ammonia  at  55  °C  for  5  hours. 
Oligonucleotides containing 2′-mesyloxyethyl-T were kept  on the solid support for the 
click chemistry labelling unless otherwise stated. Deprotection and cleavage from the resin 
was performed after the labelling reaction at room temperature for 18 hours.  
 
 
6.4. Oligonucleotide Labelling 
 
6.4.1.  Oligonucleotide  Labelling  by  Postsynthetic  Modification  with  Cyanine 
Activated Esters 
 
Deprotected 5′  or 3′  aminoalkyl  oligonucleotides  were  freeze-dried, dissolved in  70 μl 
buffer (0.5 M Na2CO3/NaHCO3 pH = 8.75), and 1 mg of the dye succinimidyl ester was 
added in 30 μl of DMSO. In most cases the reaction is carried out at 55 °C for 5 hours, but 
due to the low stability of Cy5 at high temperatures labelling was carried out at room 
temperature for 6-7 hours. The free, unreacted dye was removed by Nap-25 gel-filtration 
according  to  the  manufacturer′s  instructions  (GE  Healthcare).  Oligonucleotides  were 
purified  by  reversed-phase  HPLC,  desalted  by  using  Nap-10  Sephadex  columns, 
characterised by mass spectrometry, aliquoted and stored at -20 °C.   
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6.4.2. Oligonucleotide Labelling by Postsynthetic Modification with Alkyne-Modified 
Cyanine Dyes  
 
6.4.2.1.  Conversion  of  2′-Mesyloxyethyl  Ribothymidine  (A)  to  2′-Azidoethyl 
Ribothymidine (B) 
 
 
Oligonucleotide  containing  two  2′-mesyloxyethyl-rT  A  (1  mol)  bound  to  the  resin 
(approximately 30 mg per column for 1 mol scale) was transferred from the column to a 
vial. Sodium azide (40.0 mg, 0.62 mmol, 615 eq) was then added with 1 mL of anhydrous 
DMF and the reaction was heated at 65 C for 20 hours. The reaction mixture was cooled 
to room temperature and the resin was washed with DMF (3 x 1 mL), EtOH/H2O 1:1 (3 x 1 
mL), acetonitrile (3 x 1 mL), and Et2O (3 x 1 mL). 
 
To confirm conversion of the mesyl to azide: 
A  small  amount  of  oligonucleotide  was  deprotected  and  cleaved  from  the  resin  by 
treatment with concentrated aqueous NH3 (1 mL) for 5 hours at 55 °C. After this, the 
solution  was  transferred  to  a  flask  and  evaporated  to  dryness.  After  evaporation, 
oligonucleotide was desalted by gel filtration using a Nap-10 column, then purified by 
FPLC  and  characterised  by  Electrospray  Ionisation  Mass  Spectrometry  and  Capillary 
Electrophoresis. 
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6.4.2.2. Oligonucleotide Labelling by Click Chemistry (on the resin) 
 
 
The oligonucleotide bound to the resin containing 2′-azidoethyl-rT B (7.0 mg of the resin, 
0.20  mol  in  100  l  of  H2O)  were  degassed  with  argon  and  then  the  ligand:  tris-
hydroxypropyl triazole ligand (0.30 mg, 0.70 mol, 3.5 eq), CuSO4·5H2O (0.10 mg, 0.40 
mol, 2 eq) in 4 L of H2O, and sodium ascorbate (0.8 mg, 4.0 mol, 20 eq) in 8 L of 
H2O were added. After each addition the solution was degassed by flushing with argon. 
The solution of the dye (1.0 mg of each dye) in 50  L of DMSO was added and the 
reaction was heated at 55 C for 2 hours.  
The reaction was cooled to room temperature and the all of the resins were washed with 
acetonitrile (3 x 1 mL), DCM (3 x 1 mL), and Et2O (3 x 1 mL). Oligonucleotides were 
cleaved from the resin by treatment with concentrated aqueous NH3 (2 mL) for 18 h at RT. 
The  solutions  were  evaporated  to  dryness.  After  evaporation,  oligonucleotides  were 
dissolved in 2.5 mL of water and the free dye was removed by gel filtration on Nap-25 
according  to  manufacturer′s  instructions  (GE  Healthcare).  The  oligonucleotides  were 
purified by reversed phase HPLC (Figure 1) and desalted by NAP-10 gel filtration (GE 
Healthcare).*  
 
*The oligonucleotides labelled with ethynyl-dyes were filtered through Dowex Na
+ before 
purification by HPLC. This was needed to remove tetrabuthylammonium fluoride (TBAF) 
residue used in the final step of dye′s synthesis. 
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6.4.2.3. Oligonucleotide Labelling in Solution 
 
Oligonucleotides were deprotected and cleaved from the solid support by treatment with 
concentrated aqueous ammonia at 55 °C for 5 hours, freez-dried and redissolved in 100 μL 
of water (for 0.2 μmol oligonucleotides). The reaction conditions were as described above.  
Unreacted  dye  was  removed  by  gel  filtration  on  Nap-25  columns  according  to 
manufacturer′s  instructions  (GE  Healthcare).  The  oligonucleotides  were  purified  by 
reversed phase HPLC (Figure 1) and desalted by NAP-10 gel filtration (GE Healthcare).  
 
 
6.5. Oligonucleotide Purification and Characterisation 
 
Reversed-phase  HPLC  purification  was  carried  out  on  a  Gilson  system  using  an  ABI 
Aquapore column (C8), 8 mm x 250 mm, pore size 300 Å. The following settings were 
used: run time 30 min, flow rate 4 mL per min, binary system, gradient: 0 min (0 % buffer 
B), 3 min (0 % buffer B), 5 min (10 % buffer B), 21 min (70 % buffer B), 25 min (100 % 
buffer  B),  27  min  (0  %  buffer  B),  30  min  (0  %  buffer  B).  Elution  buffer  A:  0.1  M 
ammonium acetate, pH 7.0; buffer B: 0.1 M ammonium acetate with 50 % acetonitrile, pH 
7.0. Elution of oligonucleotides was monitored by ultraviolet absorption at 295 nm. The 
main peak corresponding to double labelled oligonucleotides was collected. After HPLC 
purification  oligonucleotides  were  desalted  using  Nap-10  Sephadex  columns  (GE 
Healthcare), aliquoted into tubes and stored at -20 °C. Oligonucleotides were characterised 
by MALDI-TOF mass spectrometry and capillary electrophoresis. 
 
 
6.6. Biophysical Analysis 
 
6.6.1. UV/Vis Analysis 
 
6.6.1.1. Absorption Spectra of CyDyes and Labelled Oligonucleotides 
 
Absorption maxima of Cyanine Dyes and labelled oligonucleotides were determined on 
Cary 50 Bio UV-Vis spectrophotometer by recording absorption spectra of the samples 
with 200 – 800 nm scan range. Cyanine Dyes samples were prepared in either MeOH or Chapter 6 - Experimental 
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EtOH  with  the  concentration  of  1  μM  and  total  volume  of  the  sample  1  mL. 
Oligonucleotides samples were prepared in GoTaq colourless PCR buffer (Promega) with 
the concentration of 0.15 μM of oligonucleotide, 3 mM MgCl2, and total sample volume of 
200 μL. Analysis of the Cyanine Dye samples was performed in 1mL cuvette (Hellma 
Precision  Cells  made  of  Quartz  SUPRASIL,  114B-QS,  1  cm  pathlength),  and  of  the 
labelled  oligonucleotides  in  200  μL  cuvette  (Hellma  Precision  Cells  made  of  Quartz 
SUPRASIL, 105.250-QS, 1 cm pathlength). 
 
 
6.6.1.2. UV Melting  
 
UV melting samples were prepared in 10 mM phosphate buffer with 100 mM NaCl at pH 
7.  Concentration  of  labelled  oligonucleotides  and  a  target  oligonucleotide  was  1  μM. 
Melting analysis was performed on a Cary 4000 UV-Vis spectrometer fitted with a Cary 
temperature controller. Samples were analysed in 1 mL cuvette (Hellma Precision cells 
made of synthetic quartz glass, QG, 1 cm pathlength). UV melting was carried from 20 °C 
to  84  °C,  then  from  84  °C  to  20  °C  with  the  temperature  ramp  rate  1  °C/min.  UV 
absorption was recorded every 0.1 °C.  
 
 
6.6.1.3. Extinction Coefficients 
 
Samples of Cyanine Dyes were converted to chloride forms using Dowex 1×2-200 ion-
exchange  resin  (Dowex-1-chloride)  and  dried  in  vacuo  at  50  °C,  over  phosphorus 
pentoxide for 48 hours. Samples were prepared either in MeOH or EtOH and absorbance 
readings were recorded for 4 different concentrations at 20 °C. The starting concentration 
was prepared to give the absorbance reading below 1 and the other concentrations were 
prepared by subsequent dilution of the first one. Samples were analysed in 1 mL cuvette 
(Hellma Precision Cells made of Quartz SUPRASIL, 114B-QS, 1 cm pathlength). 
The extinction coefficients were calculated according to the Beer-Lambert law: 
 
ε  –  extinction  coefficient  of  the  sample,  A  –  absorbance  of  the  sample  at  λmax,  c  – 
concentration (M), l – pathlength (1 cm).  Chapter 6 - Experimental 
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6.6.2. Fluorescence Analysis  
 
6.6.2.1. Fluorescence Melting 
 
Fluorescence  melting  samples  were  prepared  using  labelled  oligonucleotides  with  a 
concentration of 0.15 μM and a target oligonucleotide concentration of 0.5 μM. The buffer 
used in the experiments was GoTaq colourless PCR Buffer (Promega) with pH 8.5, the 
total salt concentration was 3 mM MgCl2. The total volume of the sample was 200 μL. 
 
Single  wavelength  analysis  was  performed  on  a  Perkin  Elmer  LS  50B  luminescence 
spectrometer fitted with a Perkin Elmer PTP1 peltier temperature controler. The samples 
were analysed in a 200 μL cuvette (Hellma Precision Cells made of Quartz SUPRASIL, 
105.250-QS, 1 cm pathlength). The collection angle was 90°. 
Samples were heated from 30 °C to 80 °C at a rate of 1 °C/minute with a 1 °C step size and 
30 second equilibration time, recording the emission intensity at each step. 
 
Fixed  wavelength  analysis  was  performed  on  RotorGene  3000  with  set  excitation 
wavelength for Cy5 and Cy3. Samples were analysed in 0.1 mL RotorGene PCR tubes 
(Qiagen). Labelled oligonucleotide concentration was 0.15 μM, target oligonucleotide 0.5 
μM, and a total salt concentration was 3 mM MgCl2. Samples were prepared in GoTaq 
colourless PCR buffer (Promega), with pH 8.5 and a total volume of the samples 20 μL. 
Samples were heated from 30 °C to 95 °C at a rate of 0.5 °C/5 seconds.   
 
 
6.6.2.2. Emission Intensity 
 
Emission  spectra  of  Cyanine  Dyes  and  labelled  oligonucleotides  were  determined  on 
Perkin Elmer LS 50B luminescence spectrometer fitted with a Perkin Elmer PTP1 peltier 
temperature controler. Cyanine Dyes samples were prepared in either MeOH or EtOH with 
the  concentration  of  0.1  μM  and  total  volume  of  the  sample  1  mL.  Oligonucleotides 
samples were prepared in GoTaq colourless PCR buffer (Promega) with the concentration 
of 0.15 μM of oligonucleotide, 3 mM MgCl2, and total sample volume of 200 μL. Analysis 
of the Cyanine Dye samples was performed in 1mL cuvette (Hellma Precision Cells made 
of Quartz SUPRASIL, 114B-QS, 1 cm pathlength), and of the labelled oligonucleotides in Chapter 6 - Experimental 
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200 μL cuvette (Hellma Precision Cells made of Quartz SUPRASIL, 105.250-QS, 1 cm 
pathlength).  Changes  in  the  emission  intensity  between  single  and  double  stranded 
oligonucleotides were determined at 25 °C for 5 separate samples. 
 
 
6.6.2.3. Quantum Yield 
 
Cyanine Dye samples and the reference samples were dissolved in ethanol and diluted to 
an optical density of ≤ 0.01 at the desired excitation wavelength. Reference for the Cy3 
dyes quantum yield measurements was Rhodamine: ʦ = 1 in EtOH.
167 Reference for the 
Cy5 dyes quantum yield measurements was Cy5 NHS-ester: ʦ = 0.3 in EtOH.
20 
The excitation wavelength used was the same for the samples and the reference and was 
chosen to not overlap with the emission of the measured samples and the reference. 
 
The  optical  density  of  the  samples  was  measured  on  the  Cary  50  Bio  UV-Vis 
spectrophotometer. Emission spectra were recorded on Perkin Elmer LS 50B luminescence 
spectrometer. Samples were measured using a 1 mL cuvette with 3 optically clear sides 
(Hellma Precision Cells made of Quartz SUPRASIL, 114F-QS, 1 cm pathlength). 
 
The quantum yields were calculated according to: 
 
 
Φ – quantum yield of the sample, ΦR – quantum yield of the reference, I – integrated 
intensity (area) of the sample, IR – integrated intensity (area) of the reference, OD – optical 
density of the sample, ODR – optical density of the reference, η – refractive index of the 
sample solvent, ηR – refractive index of the reference solvent. 
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6.7. Cell Labelling 
 
Cells were chosen for the experiment based on their physiological condition. The optimal 
confluency for adherent cells is 50 – 80 %.  
The  number  of  cells  seeded  depends  on  the  cell  type  and  type  of  the  experiment, 
additionally each type of microscope requires different slides to be used and therefore 
different  number  of  cells  is  needed.  The  following  microscopes  were  used  for  the 
experments: SP2 and SP5 Confocal and multiphoton microscopes (Leica). 
 
 
6.7.1. Cells Preparation for the Experiment 
 
The media was removed from the flask containing growing fibroblasts and the cells were 
washed  with  PBS  –  phosphate  buffered  saline  (10  mL).  The  PBS  was  removed  then 
Trypsyne (3 mL per flask) was added and the cells were incubated at 37 °C for 5 min. 
After trypsynasation cells were detached from the surface of the flask and 7 mL of media 
was  added  to  neutralise  trypsyne.  The  whole  solution  was  transferred  to  the  tube  and 
centrifuged for 5 min at 1000 rpm at room temperature. The solution was decanted off and 
cells were resuspended in 1 mL of fresh media and mixed by aspirating the liquid.  
 
Cell Counting 
30  μL  of  cells  was  mixed  with  30  μL  of  Tripam  Blue  and  this  was  added  to  the 
hemacytometer - cell counter (15 μL in each groove of the counter). Cells were counted 
under the microscope. 
 
 
6.7.2. Nucleus Stain Optimisation 
 
The following dyes were tried for the nucleus staining (9 well plate): 
Hoerchst: for live and fixed cells (1/2000 dilution) 
DAPI: for live and fixed cells (1/50 dilution) 
Sytox Blue: for fixed cells (1/500 and 1/1000 dilution) 
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Cells were seeded on the 9 well plate day before the experiment and incubated overnight to 
adhere to the surface. 1x10
4 cells per well in total volume of 3 mL per well was used. 
The stock solutions of dyes were prepared in PBS. The media was removed and the cells 
were washed with PBS (2 x 3 mL). 4 % paraformaldehyde was added to all wells apart 
from well 2 and 4, which were left in PBS for live cells experiment. After 10 min of 
fixation at room temperature all wells were washed with PBS (3 x 3 mL). Then Hoerchst 
was added to well 2 first (total time of staining 20 min), 10 min later Hoerchst was added 
to well 3  and Sytox-Blue to well 7 (1/500 dilution). After 5 min DAPI was added to well 4 
and 5, Sytox-Blue was added to well 6 and 8 and cells were incubated for another 5 min. 
The cells were washed with PBS (3 x 3 mL), then glycerol was added for the fixed cells 
(wells 1,3,5,6,7,8) and PBS to live cells (wells 2 and 4).  
The confocal microscope analysis shows the best staining was obtained for DAPI (1/50 
dilution) for both live and fixed cells. 
 
 
6.7.3. RNA HyBeacon Probes Delivery to Cells 
 
Optimisation  of  the  HyBeacon  delivery  to  cells  was  performed  using  the  reverse 
transfection protocol of adherent cells and was tested for: 
-Cy3B probe only 
-siPORT NeoFX Transfection Agent (Applied Biosystems) 
-HiPerFect transfection Reagent (Qiagen)  
 
Opti-MEM  I  Reduced  Serum  Medium  was  used  to  dilute  transfection  reagents  and 
oligonucleotide before  complexing. All  the stock solutions  were prepared according to 
manufacturer  protocols.  12.5  μL  of  siPORT  was  diluted  in  237.5  μL  of  Opti-MEM 
medium and incubated for 10 min at room temperature.  Then 11.25 μL of 10 μM Cy3B 
was added to 138.75 μL of Opti-MEM for 30 nM stock solution and 1.125 μL of 10 μM 
Cy3B in 148.875 μL of Opti-MEM for 3 nM stock solution. Then 120 μL of 30 nM and 3 
nM Cy3B solution was mixed with 120 μL of diluted siPORT solution, mixed gently and 
incubated for 10 min at room temperature to form complexes.  
 
The HiPerFect reagent (18 μL) was mixed with 11.25 μL of 10 μM Cy3B and 120.75 μL 
Opti-MEM for 30 nM concentration stock solution. Then 18 μL of HiPerFect reagent was Chapter 6 - Experimental 
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mixed with 1.125 μL of μM Cy3B and130.875 μL of Opti-MEM for 3 nM concentration of 
second stock solution. The Cy3B probe only was prepared by mixing 11.25 μL of μM 
Cy3B with 138.75 μL of Opti-MEM. Transfection reagents complexes with Cy3B and 
Cy3B on its own were added to the wells (200 μL) following by 2.3 mL of cells solution (7 
x 10
5 cells per well) and incubated in 37 °C for 24 hours. The cells were fixed with 4 % 
paraformaldehyde, washed with PBS and the glass cover slip was sealed to glass slide for 
the SP2 confocal microscope. Chapter 6 - Experimental 
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8. Appendix 
 
8.1. Oligonucleotide Sequences 
 
8.1.1. DNA HyBeacon Probes 
Modification 
X 
Oligonucleotide 
name 
Oligonucleotide sequence  Spacing 
2′-Mesyloxy-
ethyl-rT 
Oligo-3-mesylT  CGCTTCXGTAXCTATATTCATC3  3 bp 
Oligo-5-mesylT  CGCTTCXGTATCXATATTCATC3  5 bp 
Oligo-7-mesylT  CGCTTCXGTATCTAXATTCATC3  7 bp 
2′-Azidoethyl-
rT 
Oligo-3-azidoT  CGCTTCXGTAXCTATATTCATC3  3 bp 
Oligo-5-azidoT  CGCTTCXGTATCXATATTCATC3  5 bp 
Oligo-7-azidoT  CGCTTCXGTATCTAXATTCATC3  7 bp 
Oligo-5/5-azidoT  CGCTXCTGTAXCTATAXTCATC3  5/5 bp 
Wild type target  WT 
CTATGATGAATATAGATACAGA
AGCGTCAT 
  - 
Mutant type 
target 
MT 
CTATGATGAATATGGATACAGA
AGCGTCAT 
  - 
Ethynyl-Cy5 28 
HyB-3-EtCy5  CGCTTCXGTAXCTATATTCATC3  3 bp 
HyB-5-EtCy5  CGCTTCXGTATCXATATTCATC3  5 bp 
HyB-7-EtCy5  CGCTTCXGTATCTAXATTCATC3  7 bp 
N-pentynyl-Cy5 
31 
HyB-3-NpCy5  CGCTTCXGTAXCTATATTCATC3  3 bp 
HyB-5-NpCy5  CGCTTCXGTATCXATATTCATC3  5 bp 
HyB-7-NpCy5  CGCTTCXGTATCTAXATTCATC3  7 bp 
Ethynyl-Cy5.25 
34 
HyB-3-EtCy5.25  CGCTTCXGTAXCTATATTCATC3  3 bp 
HyB-5-EtCy5.25  CGCTTCXGTATCXATATTCATC3  5 bp 
HyB-7-EtCy5.25  CGCTTCXGTATCTAXATTCATC3  7 bp 
HyB-5/5-EtCy5.25  CGCTXCTGTAXCTATAXTCATC3  5/5 bp 
N-pentynyl-
Cy5.5 35 
HyB-3-NpCy5.5  CGCTTCXGTAXCTATATTCATC3  3 bp 
HyB-5-NpCy5.5  CGCTTCXGTATCXATATTCATC3  5 bp 
HyB-7-NpCy5.5  CGCTTCXGTATCTAXATTCATC3  7 bp 
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Modification 
X 
Oligonucleotide 
name 
Oligonucleotide sequence  Spacing 
Phenyl-ethynyl-
Cy5.25 37 
HyB-3-PhCy5.25  CGCTTCXGTAXCTATATTCATC3  3 bp 
HyB-5-PhCy5.25  CGCTTCXGTATCXATATTCATC3  5 bp 
HyB-7-PhCy5.25  CGCTTCXGTATCTAXATTCATC3  7 bp 
Ethynyl-Cy3 41 
HyB-3-EtCy3  CGCTTCXGTAXCTATATTCATC3  3 bp 
HyB-5-EtCy3  CGCTTCXGTATCXATATTCATC3  5 bp 
HyB-7-EtCy3  CGCTTCXGTATCTAXATTCATC3  7 bp 
N-pentynyl-Cy3 
43 
HyB-3-NpCy3  CGCTTCXGTAXCTATATTCATC3  3 bp 
HyB-5-NpCy3  CGCTTCXGTATCXATATTCATC3  5 bp 
HyB-7-NpCy3  CGCTTCXGTATCTAXATTCATC3  7 bp 
Ethynyl-Cy3.25 
47 
HyB-3-EtCy3.25  CGCTTCXGTAXCTATATTCATC3  3 bp 
HyB-5-EtCy3.25  CGCTTCXGTATCXATATTCATC3  5 bp 
HyB-7-EtCy3.25  CGCTTCXGTATCTAXATTCATC3  7 bp 
N-pentynyl-
Cy3.5 48 
HyB-3-NpCy3.5  CGCTTCXGTAXCTATATTCATC3  3 bp 
HyB-5-NpCy3.5  CGCTTCXGTATCXATATTCATC3  5 bp 
HyB-7-NpCy3.5  CGCTTCXGTATCTAXATTCATC3  7 bp 
Ethynyl-Cy3B 
LH 
HyB-3-EtCy3B  CGCTTCXGTAXCTATATTCATC3  3 bp 
HyB-5-EtCy3B  CGCTTCXGTATCXATATTCATC3  5 bp 
HyB-7-EtCy3B  CGCTTCXGTATCTAXATTCATC3  7 bp 
Unmodified 
UV melting 
target 
HyB-R516G  CGCTTCTGTATCTATATTCATC  - 
 
Table  8.1.  Sequences  of  the  DNA  HyBeacon  Probes.  X  – position  of  the  modification,  bp  –  base  pair 
separation between modifications X, 3 – 3′-propanol. Chapter 8 – Appendix 
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8.1.2. RNA 
 
Modification  
X 
Oligonucleotide 
name 
Oligonucleotide sequence  spacing 
-  miR-155  UUAAUGCUAAUCGUGAUAGGGGU  - 
Ethynyl-Cy5 
28 
RNAHyB-5-EthCy5  CCUAXCACGAXUAGCAUUAA  5 bp 
RNAHyB-7-EthCy5  CCXAUCACGAXUAGCAUUAA  7 bp 
RNAHyB-5/5-EthCy5  CCUAXCACGAXUAGCAXUAA  5/5 bp 
RNAHyB-7/6-EthCy5  CCXAUCACGAXUAGCAUXAA  7/6 bp 
Ethynyl-
Cy3B LH 
RNAHyB-5-EthCy3B  CCUAXCACGAXUAGCAUUAA  5 bp 
RNAHyB-7-EthCy3B  CCXAUCACGAXUAGCAUUAA  7 bp 
RNAHyB-5/5-
EthCy3B 
CCUAXCACGAXUAGCAXUAA  5/5 bp 
RNAHyB-7/6-
EthCy3B 
CCXAUCACGAXUAGCAUXAA  7/6 bp 
 
Table  8.2.  Sequences  of  the  RNA  HyBeacon  Probes.  X  –  position  of  the  modification,  bp  –  base  pair 
separation between modifications X, C – 2′-OMe-C, U – 2′-OMe-U, A – 2′-OMe-A, G – 2′-OMe-G. 
 
 
8.1.3. SERS Probes 
 
Modification  
X 
Oligonucleotide 
name 
Oligonucleotide sequence 
-  SERS Target  5556AACACAAAGAAACACAA 
Ethyl-N-
butyronitrile-Cy3 
52 
Oligo-SERS-1  TTGTGTTTCTTTGTGTX3 
Oligo-SERS-2  TTGTGTTTCTTTGTGXT3 
Oligo-SERS-3  TTGTGTTTCTTTGXGTT3 
Oligo-SERS-4  TTGTGTTTCTTXGTGTT3 
 
Table 8.3. Sequences of the SERS Probes. X – position of the modification, 5 – Disulfide, 6 – HEG, 3 – 3′-
propanol. 
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8.2. Electrospray Ionisation Mass Spectrometry of the Oligonucleotides 
8.2.1. DNA HyBeacon Probes 
Modification X 
Oligonucleotide 
Name 
Calculated 
mass 
Found mass  
m/z 
2′-Azidoethyl-rT 
Oligo-3-azidoT  6934   
Oligo-5-azidoT  6934  6934.03 
Oligo-7-azidoT  6934   
Oligo-5/5-azidoT  7019  7019.08 
Ethynyl-Cy5 28 
HyB-3-EtCy5  7832  7831.38 
HyB-5-EtCy5  7832  7831.37 
HyB-7-EtCy5  7832  7830.38 
N-pentynyl-Cy5 31  
HyB-3-NpCy5  7804  7806.30 
HyB-5-NpCy5  7804  7802.33 
HyB-7-NpCy5  7804  7803.36 
Ethynyl-Cy5.25 34 
HyB-3-EtCy5.25  7848  7847.30 
HyB-5-EtCy5.25  7848  7846.28 
HyB-7-EtCy5.25  7848  7846.26 
HyB-5/5-EtCy5.25  8392  8387.78 
N-pentynyl-Cy5.5 35 
HyB-3-NpCy5.5  8004  8003.35 
HyB-5-NpCy5.5  8004  8003.37 
HyB-7-NpCy5.5  8004  8002.37 
Phenyl-ethynyl-Cy5.25 
37 
HyB-3-BnCy5.25  8049  8046.48 
HyB-5-BnCy5.25  8049  8046.46 
HyB-7-BnCy5.25  8049  8047.44 
Ethynyl-Cy3 41 
HyB-3-EtCy3  7781  7781.50 
HyB-5-EtCy3  7781  7782.70 
HyB-7-EtCy3  7781  7782.10 
N-pentynyl-Cy3 43 
HyB-3-NpCy3  7753  7754.80 
HyB-5-NpCy3  7753  7755.30 
HyB-7-NpCy3  7753  7754.20 
Ethynyl-Cy3.25 47 
HyB-3-EtCy3.25  7796  7795.16 
HyB-5-EtCy3.25  7796  7795.17 
HyB-7-EtCy3.25  7796  7794.20 Chapter 8 – Appendix 
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N-pentynyl-Cy3.5 48 
HyB-3-NpCy3.5  7952  7950.27 
HyB-5-NpCy3.5  7952  7951.34 
HyB-7-NpCy3.5  7952  7950.30 
Ethynyl-Cy3B LH 
HyB-3-EtCy3B  7829  7828.10 
HyB-5-EtCy3B  7829  7828.10 
HyB-7-EtCy3B  7829  7829.60 
 
Table 8.4. Mass Spectrometry [ES
-] of azide-modified oligonucleotides and DNA HyBeacon Probes. 
 
 
8.2.2. RNA HyBeacon Probes 
 
Modification X 
Oligonucleotide 
Name 
Calculated 
mass 
Found mass  
m/z 
Ethynyl-Cy5 28 
RNAHyB-5-EthCy5  7613  7610.60 
RNAHyB-7-EthCy5  7613  7610.56 
RNAHyB-5/5-EthCy5  8132  8129.92 
RNAHyB-7/6-EthCy5  8132  8129.95 
Ethynyl-Cy3B LH 
RNAHyB-5-EthCy3B  7609  7607.52 
RNAHyB-7-EthCy3B  7609  7606.50 
RNAHyB-5/5-EthCy3B  8126  8122.78 
RNAHyB-7/6-EthCy3B
  8126  8121.79 
 
Table 8.5. Mass Spectrometry [ES
-] of RNA HyBeacon Probes. 
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8.2.3. SERS Probes 
 
Modification X  Oligonucleotide 
Name 
Calculated 
mass 
Found mass  
m/z 
-  SERS Target  6165  6168.69 
Ethynyl-N-butyronitrile-
Cy3 52 
Oligo-SERS-1  5851  5849.90 
Oligo-SERS-2  5851  5849.91 
Oligo-SERS-3  5851  5849.88 
Oligo-SERS-4  5851  5849.86 
 
Table 8.5. Mass Spectrometry [ES
-] of SERS Probes. 
 
 
8.3. HPLC and Capillary Electrophoresis 
 
8.3.1. DNA HyBeacon Probes 
 
 
Figure 8.1. HPLC traces of the HyBeacons labelled with ethynyl-Cy5 28 (3, 5, and 7 bp) and N-pentynyl-
Cy5 31 (3 bp). 
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Figure 8.2. HPLC traces of the HyBeacons labelled with N-pentynyl-Cy5 31 (5 and 7 bp) and ethynyl-
Cy5.25 34 (3, 5, and 7 bp). 
 
 
Figure 8.3. HPLC traces of the HyBeacons labelled with N-pentynyl-Cy5.5 35 (3, 5, and 7 bp) and phenyl-
ethynyl-Cy5.25 37 (3 bp). 
 Chapter 8 – Appendix 
 
  262 
 
Figure  8.4.  HPLC  traces  of  the  HyBeacons  labelled  with  phenyl-ethynyl-Cy5.25.  37  (5  and  7  bp)  and 
ethynyl-Cy3 (3, 5, and 7 bp). 
 
 
 
Figure 8.5. HPLC traces of the HyBeacons labelled with N-pentynyl-Cy3 43 (3, 5, and 7 bp) and ethynyl-
Cy3.25 47 (3 bp). 
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Figure 8.6. HPLC traces of the HyBeacons labelled with ethynyl-Cy3.25 47 (5 and 7 bp) and N-pentynyl-
Cy3.5 48 (3 and 5 bp). 
 
 
 
Figure 8.7. HPLC traces of the HyBeacons labelled with N-pentynyl-Cy3.5 48 (7 bp) and ethynyl-Cy3B LH 
(3, 5, and 7 bp). 
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Figure 8.8. Capillary electrophoresis (CE) of HyBeacons labelled with ethynyl-Cy3 41, N-pentynyl-Cy3 43 
and ethynyl-Cy3B LH. 
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Figure  8.9.  Capillary  electrophoresis  (CE)  of  HyBeacons  labelled  with  ethynyl-Cy3.25  47,  N-pentynyl-
Cy3.5 48 and ethynyl-Cy5.25 34. Chapter 8 – Appendix 
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Figure 8.10. Capillary electrophoresis (CE) of HyBeacons labelled with N-pentynyl-Cy5.5 35, ethynyl-Cy5 
28, and N-pentynyl-Cy5 31. 
 
 
Figure 8.11. Capillary electrophoresis (CE) of HyBeacons labelled with phenyl-ethynyl-Cy5.25 37.  
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8.3.2. RNA HyBeacon Probes 
 
Figure 8.12. HPLC traces of RNA HyBeacons labelled with ethynyl-Cy5 28. 
 
 
 
Figure 8.13. HPLC traces of RNA HyBeacons labelled with ethynyl-Cy3B LH. 
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Figure 8.14. Capillary electrophoresis (CE) of RNA HyBeacons. 
 
 
 
8.3.3. SERS Probes 
 
 
Figure 8.15. HPLC traces of SERS Probes labelled with ethynyl-N-butyronitrile-Cy3 52. 
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Figure 8.16. Capillary electrophoresis (CE) of SERS Probes labelled with ethynyl-N-butyronitrile-Cy3 52. 
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abstract
A convenient method of oligonucleotide labeling using click chemistry has been developed. A 20-me-
syloxyethyl ribothymidine phosphoramidite monomer was incorporated into DNA at several loci during
solid phase oligonucleotide synthesis and converted to 20-azidoethyl ribothymidine in high yield on the
synthesis resin. The resultant azide oligonucleotides were doubly and triply labeled with alkyne-
modiﬁed cyanine dyes and their biophysical properties were studied. The inﬂuence of the dye struc-
tures and method of labeling on the ﬂuorescence properties of the DNA probes is discussed and com-
pared with a standard labeling method using active esters of Cy-Dyes.
 2011 Elsevier Ltd. All rights reserved.
1. Introduction
Fluorescence remains the principal detection method in DNA
diagnostics, sequencing, genomics, and forensic analysis.1,2 Fluo-
rescent probes have found wide applications in the detection of
genetic variations in DNA and identiﬁcation of single nucleotide
polymorphisms. The most commonly used probes are Molecular
Beacons,3e7 Scorpion primers,8,9 TaqMan probes,10,11 Hairpin
primers,12 and Hybridization probes.13 Currently there is a drive to
develop novel ﬂuorescence techniques to provide highly sensitive
and rapid nucleic acid interrogation methods that are compatible
with high throughput sequence analysis. Continual improvements
in nucleic acid labeling chemistry and ﬂuorophore design are vital
to support these developments, and the new technologies require
a supply of dyes with varying ﬂuorescence characteristics.14 Among
the most widely employed ﬂuorophores in nucleic acid-based ap-
plications are the cyanine dyes. They are used as donors/acceptors
in ﬂuorescence resonance energy transfer (FRET) to measure dis-
tances in biological systems,15e17 in nucleic acids sequencing, in
ﬂuorescence in situ hybridization (FISH), in DNA microarrays,18e20
and for bio-imaging in living cells.21e25
Two main strategies are used for the attachment of ﬂuorophores
to oligonucleotides; addition during solid-phase synthesis, and
post-synthetic labeling. The ﬁrst method requires the availability of
phosphoramidite monomers with the dye attached to an artiﬁcial
backbone, a sugar or a nucleobase. This approach is not feasible if
the dye is unstable to oligonucleotide deprotection conditions. The
second strategy, post-synthetic labeling, is accomplished by re-
action of an active ester derivative of a ﬂuorophore with an amino-
modiﬁed oligonucleotide. Although this method is more widely
employed than any other oligonucleotide labeling strategy, it is low
yielding when multiple ﬂuorophore additions are required. An al-
ternative labeling chemistry, the copper-catalyzed 1,3-dipolar cy-
cloaddition reaction between a terminal alkyne and an azide
(CuAAC reaction), has become an important method for attachment
of reporter groups to nucleic acids, peptides, sugars, and other
biomolecules.26 The term ‘click chemistry’ was introduced to de-
scribe this and other highly efﬁcient and selective chemical reac-
tions.27e30 The CuAAC reaction for the post-synthetic labeling of
alkyne-modiﬁed DNA has been reported by Carell,31,32 Seela33 and
others,26 and has recently been used for ﬂuorescent labeling of
uridine using phenoxazinium-azide and coumarin-azide.34 There
are many examples of labeling alkyne-modiﬁed oligonucleotides
withazide-functionalized dyes, but thereareonlylimited reports of
the use of alkyne-derivatized ﬂuorophores and azide labeled oli-
gonucleotides. Seo et al. successfully labeled a 50-azide oligonu-
cleotide with an alkyne derivative of ﬂuorescein in the absence of
Cu(I), but this method required large excess of the dye, high tem-
perature and long reaction times.35 Lietard et al. described * Corresponding author. Tel.: þ44 (0) 2380 592974; fax: þ44 (0) 2380 592991;
e-mail address: tb2@soton.ac.uk (T. Brown).
Contents lists available at SciVerse ScienceDirect
Tetrahedron
journal homepage: www.elsevier.com/locate/tet
0040-4020/$ e see front matter  2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2011.11.041
Tetrahedron 68 (2012) 857e864a method for the introduction of an azide into the 50-end of the
oligonucleotide by coupling bromohexenyl phosphoramidite to the
oligonucleotide and converting the bromo group to azide.36 Both
methods, despite being efﬁcient, are restricted to labeling at the 50-
end. Recently, Aigner et al. described the synthesis of the 20-azido-
20-deoxyuridine and 20-azido-20-deoxyadenosine-30-phospho-
diester monomers for incorporation into RNA by manual phos-
photriestercoupling totheRNAstrand.37 This approach avoided the
undesired reaction between an azide and P(III) in the same mole-
cule.38 The same group has synthesized 30-azido-modiﬁed tRNA
using a 30-azido-30-deoxyadenosine-functionalized solid support
for the synthesis of RNA,39 and Wagenknecht has reported the
conversion of 5-iodo-dU to 5-azido-dU in oligonucleotides on
a solid support.40
We have been exploring simple and efﬁcient methods of in-
troducing multiple azide groups into oligonucleotides in order to
carry out ‘reverse click labeling’ with reporter groups, and in this
paper we describe a suitable method for achieving this objective.
We also describe the convenient synthesis of a series of alkyne-
functionalized cyanine dyes (Fig. 1) and their use in labeling
HyBeacon probes. The ﬂuorescent labels are attached to the 20-
position of the ribose sugar of thymidine and do not prevent base
pairing. Our approach can be used to introduce ﬂuorophores onto
any thymidine nucleotide in a DNA sequence, and for multiple
labeling. Reverse click labeling is particularly useful for func-
tionalizing oligonucleotides with Cy-Dyes, given the availability
of a wide range of ethynyl Cy-Dyes. The reverse-click oligonu-
cleotide labeling methodology is outlined below and the syn-
thesis of the ethynyl Cy-Dyes is described in the Supplementary
data.
2. Results and discussion
2.1. Synthesis of azide-functionalized oligonucleotides and
dye-labeling
Our dye-labeling method is described in Fig. 2. In the ﬁrst step
the 20-mesyloxyethyl ribothymidine41,42 is converted to a phos-
phoramidite monomer, which is introduced into oligonucleotides
during solid-phase synthesis. The mesyl group is then displaced by
azide while the DNA remains attached to the solid support. This
‘mesyl to azide’ conversion strategy was adopted because of the
well-known incompatibility of the azide functionality with P(III)
chemistry (Staudinger reaction).43,44 Although it is possible to
successfullycarryan azide groupthrough oligonucleotide synthesis
(e.g., using 30-azide attached to a resin)39 it is not possible to
combine the azide group with P(III) in the same monomer, hence
azides cannot be used as phosphoramidite monomers and this
limits the synthesis of oligonucleotides containing multiple azides.
In contrast to azide, the mesyl group is fully compatible with
phosphoramidite oligonucleotide synthesis. Suitable conditions for
the azide displacement reaction were found to be sodium azide in
anhydrous DMF with a reaction time of 20 h at 65  C, under which
the azide displacement step proceeds in high yield (Fig. 3A).
The dye-labeling reactions were carried out on the oligonucle-
otide synthesis resin to take advantage of the ease by which the
excess free dye can be removed by washing the solid support with
organic solvents. A tris-hydroxypropyl triazole ligand was used to
accelerate the reaction and prevent oligonucleotide degradation.45
The copper(II) sulfate and sodium ascorbate provided a source of
Cu(I). The ethynyl Cy-Dyes were dissolved in DMSO and the
Fig. 1. Structures of Cy5, Cy3, and Cy3B derivatives synthesized in this study; ethynyl-dyes (Et), N-pentynyl-dyes (Np), and phenyl-ethynyl-dye (Ph).
M. Gerowska et al. / Tetrahedron 68 (2012) 857e864 858reaction was heated for 2 h at 55  C. After dye-labeling, oligonu-
cleotides were cleaved from the resin, deprotected, puriﬁed by
reverse phase HPLC and characterized by mass spectrometry and
capillary electrophoresis (Supplementary data). The efﬁciency of
multiple dye-labeling was generally very good (Fig. 3BeE). The
ﬂuorescent probes described in this paper were labeled whilst at-
tached to the synthesis resin, but the method is also suitable for
post-synthetic solution-phase labeling as demonstrated in Fig. 3E.
The latter approach is necessary for dyes, which are unstable to
oligonucleotide deprotection conditions.
2.2. Synthesis and photophysical properties of Cy-Dyes
The above labeling method requires the availability of ﬂuores-
cent dyes functionalized with terminal alkynes. Our synthesis of
the ethynyl and N-pentynyl Cy-Dyes was based on published
methods,14,21,46e50 and is described in the Supplementary data.A
conjugated alkyne (ethynyl-dyes) causes a bathochromic shift in
the absorption and ﬂuorescence emission spectra of w10 nm rel-
ative to the parent Cy-Dye, and an additional aromatic ring (Cy3.5
and Cy5.5) causes a bathochromic shift of w20 nm (Table 1). The
triple bond and aromatic ring combined (Cy3.25 and Cy5.25) cause
a bathochromic shift of w30 nm, which is consistent with previous
reports.51,52 After click labeling, the triazole has a similar effect to
the alkyne on the absorption and emission spectra of the dyes. As
expected, absorption and emission maxima of labeled oligonucle-
otides also exhibit a small bathochromic shift (Table 4).
We used the synthetic methodology in Fig. 2 to synthesize
a series of Cy-Dye labeled HyBeaconprobes. HyBeacons53 are single
stranded oligonucleotides containing two or more internal
ﬂuorophores. They exhibit high ﬂuorescence when hybridized to
a complementary strand and low ﬂuorescence when single
stranded. Fluorescence is quenched in the single strand due to the
interactions between the dyes, and also by interactions with the
nucleobases.54 These quenching interactions cannot occur in the
rigid double strand, which is highly ﬂuorescent. HyBeacon probes
have been used in DNA sequence detection, allelic discrimina-
tion,41,53,55 human STR analysis,56 and the analysis of human ge-
netic polymorphisms.57
2.3. Fluorescence properties of click-labeled HyBeacons
Our previous ﬂuorescence studies indicated that HyBeacons
labeled with Cy-Dyes exhibit favorable ﬂuorescence properties
whenthe labelsarelocatedinthe minorgroove at the 20-position of
the ribose sugar.41 This is most likely due to restriction of rotation
around the polymethine chain caused by DNA binding. Therefore in
this study the same principle was followed. The system chosen for
evaluation of the HyBeacons was the R516G mutation in the CFTR
gene, which we have used previously.41 This enabled comparisons
to be made between HyBeacons labeled by the NHS-ester method
and by click chemistry. Three different inter-nucleotide separations
were used in order to ﬁnd the optimum distance between two
ﬂuorophores in the dual-labeled HyBeacons (Table 2).
HyBeacons were hybridized to the wild type (WT) target or
mutant type (MT) target to form duplexes and ﬂuorescence melting
studies were carried out. The HyBeacons with the ﬂuorophore
separation, which gave the best melting curves are shown in Fig. 4.
The optimum dye separation was either 5 or 7 nucleotides. The
melting curves of all other oligonucleotides are presented in the
Supplementary data.
Photoisomerization of Cy-Dyes is a very efﬁcient deactivation
process that has been widely studied.58,59 After absorption of light,
Cy-Dyes isomerize from the ﬁrst excited singlet state through
a partially twisted intermediate to a ground state photoisomer,
which is non-ﬂuorescent. The twisted state and ground state
photoisomer are able to return back to the thermodynamically
Fig. 3. A: Reversed-phase HPLC analysis of the mesyl to azide functional group con-
version (dCGCTTCXGTATCXATATTCATC3, X¼Bi nFigs. 2 and 3¼30-propanol.). BeE:
Reversed-phase HPLC puriﬁcation of dye-labeled oligonucleotides. B: on-resin ethynyl-
Cy3 labeling (dCGCTTCXGTATCXATATTCATC3), C: on-resin N-pentynyl-Cy5.5 labeling
(dCGCTTCXGTAXCTATATTCATC3), D: on-resin ethynyl-Cy5.25 labeling (dCGCTXC
TGTAXCTATAXTCATC3), E: N-pentynyl-Cy3 labeling in solution (dCGCTTCXGTATCXA-
TATTCATC3). *Indicates correct dye-labeled product. UV monitoring at 295 nm. Full
HPLC conditions are reported in the Experimental section. Product peaks eluted be-
tween 18 and 24 min, peaks to the left of the product are failure sequences and un-
labeled oligonucleotides.
Table 1
Absorption maximum (Amax), emission maximum (Emmax), and quantum yield (F)
of free Cy-Dyes in ethanol
Cy-Dye Amax l [nm] Emmax l [nm] 3
a [M
 1 cm
 1] F
Et-Cy5 (1) 655 675 67,000 0.20 0.02
Np-Cy5 (2) 645 664 230,000 0.24 0.02
Et-Cy5.25 (3) 673 693 135,000 0.08 0.00
Np-Cy5.5 (4) 682 704 260,000 0.11 0.01
Ph-Cy5 (5) 680 703 201,000 0.10 0.01
Et-Cy3 (6) 560 577 95,000 0.08 0.00
Np-Cy3 (7) 550 563 116,000 0.05 0.00
Et-Cy3.25 (8) 580 598 85,000 0.04 0.01
Np-Cy3.5 (9) 590 607 70,000 0.09 0.00
Et-Cy3B (10) 567 584 118,000 0.76 0.05
a Extinction coefﬁcients ( 3 ) measured in methanol. Excitation wavelength was
610 nm (Cy5 derivatives) and 540 nm (Cy3 derivatives). Extinction coefﬁcients are
the average of three independent measurements.
(a) (b)
Fig. 2. (a) 20-Mesyloxyethyl ribothymidine phosphoramidite monomer. (b) Conversion
of 20-mesyloxyethyl ribothymidine A to 20-azidoethyl ribothymidine B; (i) NaN3, DMF,
65  C, 20 h (ii) labeling with Cy-Dyes R (Fig. 1): CuSO4, sodium ascorbate, tris-
hydroxypropyl triazole ligand,
45 DMSO, 55  C, 2 h to give dye-labeled oligonucleo-
tide C.
Table 2
Oligonucleotide sequences (HyBeacon probes and targets) used for the click
chemistry labeling
Oligonucleotide name Oligonucleotide sequence n
HyB-3-Dye CGCTTCXGTAXCTATATTCATC3 3
HyB-5-Dye CGCTTCXGTATCXATATTCATC3 5
HyB-7-Dye CGCTTCXGTATCTAXATTCATC3 7
WT target CTATGATGAATATAGATACAGAAGCGTCAT d
MT target CTATGATGAATATGGATACAGAAGCGTCAT d
X:2 0-azidoethyl-rT (the labeling position for Cy-Dyes), n: nucleotide spacing be-
tween the two X units, WT: wild type, MT: mutant, 3: 30-propanol.
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short polymethine chains undergo photoisomerization more ef-
fectively than those with longer chains. Consequently Cy3 is more
sensitive to temperature than Cy560e62 and the ﬂuorescence in-
tensity of cyanine dyes is inversely dependent on tempera-
ture.58,60,63 In double stranded DNA this process is inhibited if the
dye can ﬁt into the minor groove. However, when the duplex melts
and the minor groove collapses the trans to cis photoisomerization
of the Cy-Dye can occur more readily, leading to loss of ﬂuores-
cence. In contrast, Cy3B exhibits the smallest general temperature
dependent ﬂuorescence due to its rigid locked structure, which
prevents rotation around the polymethine bridge to produce
a particularly stable ﬂuorophore.61
The best melting curves were observed for the 5 and 7 nucleo-
tide separationforall Cyanine dyes, and wild type (WT) and mutant
type (MT) targets displayed the expected difference in melting
temperature due to reduced duplex stability caused by the mis-
matched base pair (Supplementary data). This conﬁrms that the
observed melting curves are a function of DNA duplex melting
and not an artifact of the introduction of dyes into the minor
groove. The UV melting studies also conﬁrm that the 20-modiﬁed
thymidine nucleotides do not strongly destabilize the DNA
duplex (Table 5).
Click-labeled HyBeacons perform better than 20-amino-
ethoxy-T modiﬁed HyBeacons labeled with N-hydrox-
ysuccinimide esters of Cy-Dyes41 (Fig. 5). This comparison
indicates that the triazole moiety and/or the length and struc-
ture of the linker between the nucleoside and the dye have an
inﬂuence on the HyBeacon effect. It also highlights the impor-
tance of varying the structure of the ﬂuorophore and the
method of attachment to DNA to optimize the performance of
HyBeacon probes. Melting curves of other Cy-Dye labeled
H y B e a c o n sa r eg i v e ni nt h eSupplementary data.
Large changes in emission intensity were observed at room
temperature between single and double stranded HyBeacons. The
ﬂuorescence of single-stranded HyBeacons and HyBeacon-target
(WT and MT) duplexes was measured under identical conditions
using the absorption maximum of each dye as the excitation
wavelength. The experiments were carried out at 25  C for con-
sistency and emission scans were repeated on ﬁve separate sam-
ples tominimize errors. The most remarkable quenching properties
were observed for the pentamethine cyanines. For example,
ethynyl-Cy5 exhibited 80e90% quenching for 5 and 7 nucleotide
separation and ethynyl-Cy5.25 gave w90% quenching (Table 3). For
optimum quenching in the single strand, the triple bond/triazole
should be placed directlyon the indole ring. The quenching data for
all dyes is presented in the Supplementary data.
The large decrease in ﬂuorescence intensity on HyBeacon du-
plex melting observed for some of the Cy-Dyes can be explained by
dye-dye interactions. Fig. 6A shows the absorption (solid) and
emission (dashed) spectra of a single stranded oligonucleotide
labeled with ethynyl-Cy5 (red) and the double stranded form
(blue). The emission of the single stranded oligonucleotide when
excited at 658 nm is very low. The changes in the shape of the
absorption spectra observed in the single-stranded HyBeacon are
caused by aggregation of the dyes. Free dyes in aqueous solution
form dimers and higher oligomers.
64 The monomeric Cy-Dye has
an absorption spectrum like that of the double stranded HyBeacon
(Fig. 6A, blue, solid line). For dimeric Cy-Dyes, the absorption
spectrum changes and resembles that of a single-stranded
HyBeacon (Fig. 6A, red, solid line).
It is likelythat in a single-stranded HyBeacon the dyes aggregate
to form a dimer, while upon duplex formation theyare pulled apart
to produce an absorption spectrum corresponding to the mono-
meric state of the dyes. When two identical dye molecules form
a dimer, the optical transition from the ground to higher states is
Fig. 4. Fluorescence melting curves (left) and derivatives (right) of HyBeacons with optimal dye-spacing when hybridized to complementary WT target. A, B: HyBeacons labeled
with Cy5 dyes; C, D: HyBeacon labeled with Cy3 dyes.
M. Gerowska et al. / Tetrahedron 68 (2012) 857e864 860intense, but the transition from higher to lower is optically for-
bidden.64 This photophysical phenomenon could explain the very
low ﬂuorescence intensity of single-stranded HyBeacons and the
large change in emission intensity between the single and double
stranded forms, which is a desirable feature of HyBeacon probes.
Two main types of aggregation can occur leading to either H or
J-aggregates. H-aggregates occur when neighboring dyes form di-
mers with a small offset of less than 8   A. If the dyes possess addi-
tional positively charged groups they can also form J-aggregates,
with a larger offset between monomers to lower the repulsion
Table 3
Comparison of ﬂuorescence emission intensity of single and double stranded
HyBeacons
Dye Oligonucleotide name DI [%]
Et-Cy5 (1) HyB-5-EtCy5 88.6 0.9
Et-Cy5.25 (3) HyB-5-EtCy5.25 90.1 0.9
Np-Cy5.5 (4) HyB-7-NpCy5.5 83.8 2.1
Ph-Cy5.25 (5) HyB-7-PhCy5.25 91.9 1.3
Et-Cy3B (10) HyB-7-EtCy3B 76.9 2.3
DIdchange in the emission intensity between ss and ds HyBeacons; Standard de-
viation was calculated from ﬁve repeats; Emission intensity of all the samples was
measured at 25  C.
Table 4
Parameters used for the ﬂuorescence melting studies
Oligonucleotide name
a l ex [nm] lem [nm]
HyB-EtCy5 658 680
HyB-NpCy5 647 667
HyB-EtCy5.25 675 695
HyB-NpCy5.5 685 704
HyB-PhCy5.25 682 700
HyB-EtCy3 560 582
HyB-NpCy3 550 566
HyB-EtCy3.25 581 604
HyB-NpCy3.5 590 610
HyB-EtCy3B 570 586
a For all HyBeacons with 3, 5, and 7 nucleotide spacing, and for WTdWild type
and MTdMutant type combinations.
Table 5
UV melting of oligonucleotides labeled with Cy-Dyes with ﬁve base pair separation
between dyes
Oligonucleotide Tm [ C] DTm [ C]
Unmodiﬁed CGCTTCTGTATCTATATTCATC 57.19 d
HyB-5-EtCy5 49.76  7.43
HyB-5-NpCy5 54.57  2.65
HyB-5-EtCy5.25 48.01  9.18
HyB-5-NpCy5.5 50.20  7.02
HyB-5-PhCy5.25 52.03  5.19
HyB-5-EtCy3 44.18  13.0
HyB-5-NpCy3 54.39  2.80
HyB-5-EtCy3.25 53.29  3.90
HyB-5-NpCy3.5 51.18  6.00
HyB-5-EtCy3B 52.89  4.30
DTm [ C]ddifference in melting temperature of the oligonucleotide with two ad-
ditions of the Cy-Dyes (5 bp) and unmodiﬁed sequence.
Fig. 6. A: absorption (solid) and emission (dashed) spectra of an ethynyl-Cy5 labeled
HyBeacon. Single stranded (red, no target) and double stranded (blue, wild-type tar-
get). Excitation l¼658 nm. B: comparison of the emission intensity of a single-stranded
and double-stranded ethynyl-Cy5 click-labeled HyBeacon (red), the equivalent Hy-
Beacons labeled with Cy5 NHS-ester (blue), FAM NHS-ester (black), and Cy3 NHS-ester
(green).
Fig. 5. Comparison of the melting curves between HyBeacons labeled by click chem-
istry and by standard amide bond formation using NHS-esters of Cy-Dyes.
M. Gerowska et al. / Tetrahedron 68 (2012) 857e864 861between the charged groups.65 Dimer formation causes splitting of
the excited state due to exciton coupling between the dyes. Elec-
tronic transitions for H-aggregates are allowed to the upper state
only, leading to a hypsochromic shift of the absorption spectrum.
Upon non-radiative relaxation to the lower excited state the mol-
ecule is not ﬂuorescent because ﬂuorescence from the lower ex-
cited state is forbidden. In contrast, electronic transitions of J-
aggregates from the ground state to the lower excited state are
allowed. This causes a bathochromic shift of the absorption spec-
trum and strong ﬂuorescence.66e69 Based on the observed differ-
ences in the absorption spectra of single and double stranded
HyBeacons it is likely that the two dyes in a single-stranded
HyBeacon are forming H-aggregates.
In stark contrast to click-labeled Cy5 HyBeacons (Fig. 6B, red),
the ﬂuorescence emission of the equivalent oligonucleotides la-
beled with the commercially available NHS-ester of Cy5 (Fig. 6B,
blue) displayed less than 50% difference in emission intensity be-
tween double and single stranded forms at 25  C. This was also
observed for other ﬂuorescent dyes attached to DNA by similar
linkages (Fig. 6B). The large differences between single and double
stranded emission intensities for some click-labeled HyBeacons
show the importance of dye structure and the length and position
of the linker that joins the dye to the DNA. Thus HyBeacon probes
labeled by click chemistry are potentially useful in applications
where low background emission at room temperature is important,
such as FISH (ﬂuorescence in situ hybridization) and in vivo
imaging.
3. Conclusions
Click chemistry has been successfully employed for the ﬂuo-
rescent labeling of HyBeacon oligonucleotide probes. Our ap-
proach, using a 20-mesyloxyethyl ribothymidine phosphoramidite
allows multiple monomer incorporation at any thymidine position
in the oligonucleotide. The mesyl group can be readilyconverted to
azide post-synthetically, and subsequent labeling with alkyne
derivatives of ﬂuorescent dyes is efﬁcient. Studies on a wide range
of Cy-Dyes show that the optimum position of the triple bond for
efﬁcient click conjugation is directly on the aromatic ring of the
dye. Comparisons with oligonucleotides labeled with NHS-esters
showed that oligonucleotides labeled by click chemistry possess
superior HyBeacon characteristics, which could be due to the
shorter linker between the dye and the DNA. The large difference
in emission intensity observed between single and double
stranded oligonucleotides that are doubly labeled with Cy5 and
Cy3B suggests that such probes could be useful for in vivo imaging
of RNA targets.
4. Experimental
4.1. Phosphitilation of the 20-mesyloxyethyl ribothymidine:
50-O-(4,40-dimethoxytrityl)-20-O-(2-methanesulfonylethyl)-5-
methyluridine-30-O-(2-cyanoethyl-N,N-diisopropyl)
phosphoramidite
50-O-(4,40-Dimethoxytrityl)-20-O-(2-methanesulfonylethyl)thy-
midine41 (4.23 g, 6.20 mmol, 1 equiv) was co-evaporated three
times with anhydrous DCM and dried overnight under vacuum.
This 20-mesyloxyethyl-rT was dissolved in distilled DCM (40 mL)
followed by the addition of anhydrous DIPEA (2.7 mL, 15.5 mmol,
2.5 equiv). 2-Cyanoethyl-N,N0-diisopropylchlorophosphoramidite
(1.95 mL, 8.68 mmol, 1.4 equiv) was added dropwise and the re-
action mixture was stirred under argon for 4 h, then transferred to
the separating funnel containing degassed DCM (40 mL). The re-
action mixture was then washed with degassed saturated aqueous
KCl (3 40 mL). The organic layer was separated, dried over anhy-
drous sodium sulfate, ﬁltered and then the solvent was removed
under reduced pressure. The crude product was puriﬁed bycolumn
chromatography (70% EtOAc/hexane with 1% pyridine) under argon
pressure to obtain phosphoramidite of 20-mesyloxyethyl-rT (2.64 g,
2.99 mmol, 48%) as a white foam. Rf: 0.44 (1% pyridine in EtOAc/
hexane 8:2); 31P NMR (300 MHz, CD3CN) d 151.08, 150.54 ppm; 1H
NMR (300 MHz NMR, CD3CN) d 8.57 (1H, d, J¼4.03 Hz, NeH), 7.56
(1H, s, H-6), 7.51e7.40 (2H, m, HeAr), 7.39e7.21 (7H, m, HeAr),
6.94e6.79 (4H, m, H-11), 5.91 (1H, t, J¼4.03 Hz, H-10), 4.58e4.42
(1H, m, H-30), 4.42e4.26 (2H, m, H-19/18), 4.24e4.11 (2H, m, H-20,
H-40), 4.09e3.83 (3H, m, H-18/19, H-21), 3.76 (6H, d, J¼2.1 Hz,
OCH3 2), 3.66e3.52 (3H, m, H-21, H-23), 3.51e3.38 (1H, m, H-50),
3.37e3.24 (1H, m, H-50), 3.04 (3H, d, J¼2.56 Hz, H-20), 2.68 (1H, t,
J¼5.85 Hz, H-22), 2.49 (1H, t, J¼6.04 Hz, H-22),1.38 (3H, d, J¼9.0 Hz,
H-7), 1.24e1.08 (9H, m, H-24), 1.03 (3H, d, J¼6.6 Hz, H-24) ppm.
4.2. Oligonucleotide synthesis
Oligonucleotides were synthesized on an Applied Biosystems
394 automated DNA/RNA synthesizer using a standard 0.2 or
1.0 mmol phosphoramidite cycle of acid-catalyzed detritylation,
coupling, capping, and iodine oxidation. Standard DNA phosphor-
amidites and reagents were purchased from Link Technologies,
Applied Biosystems and Proligo. All b-cyanoethyl phosphoramidite
monomers were dissolved in anhydrous acetonitrile at 0.1 M con-
centration. The coupling time for unmodiﬁed monomers was 25 s
and for 20-mesyloxyethyl-rT was 8 min. Coupling efﬁciencies were
determined by the automated trityl cation conductivity monitoring
facility and in all cases were >98%.
4.3. Postsynthetic oligonucleotide labeling with alkyne-
modiﬁed cyanine dyes
4.3.1. Conversion of 20-mesyloxyethyl ribothymidine to 20-azidoethyl
ribothymidine (Fig. 2). The oligonucleotide containing two 20-
mesyloxyethyl-rT nucleotides bound tothe resin (1 mmol scale) was
transferred to a 3 mL glass vial. Sodium azide (40 mg, 615 mmol,
615 equiv) was then added in 1 mL of anhydrous DMF and the re-
action was heated at 65  C for 20 h. The reaction mixture was then
cooled to room temperature and the resin was washed with DMF
(3 1 mL), EtOH/H2O 1:1 (3 1 mL), acetonitrile (3 1 mL), and Et2O
(3 1 mL).
To conﬁrm conversion of the mesyl group to azide a small
amount of oligonucleotide was deprotected and cleaved from the
resin by treatment with concd aqueous NH3 (1 mL) in a sealed tube
for 4 h at 55  C. The solution was transferred to a ﬂask and evap-
orated to dryness and after evaporation the oligonucleotide was
desalted by gel ﬁltration using a NAP-10 column (GE Healthcare),
then puriﬁed by HPLC and characterized by mass spectrometry and
Capillary Electrophoresis.
4.3.2. Oligonucleotide labeling by click chemistry on the resin
(Fig. 2). The oligonucleotides bound to the resin containing 20-
azidoethyl-rT (6 mg of the resin, 0.2 mmol in 100 mLo fH 2O) were
degassed with argon and then the following were added: tris-
M. Gerowska et al. / Tetrahedron 68 (2012) 857e864 862hydroxypropyl triazole ligand (0.3 mg, 0.7 mmol, 3.5 equiv),
CuSO4$5H2O( 1 0 0mg, 0.4 mmol, 2 equiv) in 4 mLo fH 2O, and sodium
ascorbate (800 mg, 4 mmol, 20 equiv) in 8 mLo fH 2O. The solution
was degassed by ﬂushing with argon, and a solution of the dye
(1 mg) in 50 mL of DMSO was added and the reaction was heated at
55  C for 2 h. The reaction was cooled to room temperature and the
resin was washed with acetonitrile (3 1 mL), DCM (3 1 mL), and
Et2O( 3  1 mL). Oligonucleotides were cleaved from the resin by
treatment with NH3 (2 mL) for 18 h at room temperature in a sealed
tube. The solution was evaporated to dryness, the oligonucleotides
were dissolved in 2.5 mL of water and the unreacted dye was re-
moved by gel ﬁltration on a Sephadex NAP-25 gel-ﬁltration column
(GE Healthcare). The oligonucleotides were puriﬁed by reversed-
phase HPLC (Fig. 1) and desalted by NAP-10 gel ﬁltration.*
Reversed-phase HPLC puriﬁcation was carried out on a Gilson
system using an ABI Aquapore column (C8), 8 mm 250 mm, pore
size 300   A. The following protocol was used: run time 30 min, ﬂow
rate 4 mL per min, binary system, gradient: 0 min (0% buffer B),
3 min (0% buffer B), 5 min (10% buffer B), 21 min (70% buffer B),
25 min (100% buffer B), 27 min (0% buffer B), 30 min (0% buffer B).
Elution buffer A: 0.1 M ammonium acetate, pH 7.0; buffer B: 0.1 M
ammonium acetate with 50% acetonitrile, pH 7.0. Elution of oligo-
nucleotides was monitored by ultraviolet absorption at 295 nm and
in all cases the main peak corresponding to double labeled oligo-
nucleotides was collected. Fully labeled oligonucleotides eluted
between 18 min and 24 min (see Fig. 3). After HPLC puriﬁcation
oligonucleotides were desalted using NAP-10 Sephadex columns,
aliquoted into tubes and stored at  20  C. Puriﬁed oligonucleotides
were characterized by mass spectrometry and capillary electro-
phoresis (Supplementary data).
*The oligonucleotides labeled with ethynyl Cy-Dyes were ﬁl-
tered through a column of Dowex (Naþ form) before puriﬁcation by
HPLC. This was done to remove traces of tetrabutylammonium
ﬂuoride (TBAF) used in the ﬁnal step of dye synthesis.
4.4. Fluorescence melting
Fluorescence melting samples were prepared using labeled ol-
igonucleotides at a concentration of 0.15 mM and a target oligonu-
cleotide concentration of 0.5 mM. GoTaq colorless PCR Buffer
(Promega) at pH 8.5 was used and the MgCl2 concentration was
3 mM. Sample volume was 200 mL.
Single wavelength ﬂuorescence analysis was performed on
a PerkineElmer LS 50B luminescence spectrometer ﬁtted with
a PerkineElmer PTP1 Peltier temperature controller. The samples
were analyzed in a 200 mL quartz cuvette (1 cm pathlength) with
a collection angle of 90 . Samples were heated from 30  Ct o8 0 C
at a rateof 1  C/minwitha1  C step size and30 sequilibrationtime,
recording the emission intensity at each step.
4.5. UV melting analysis
UV melting samples were prepared in 10 mM sodium phosphate
buffer with 100 mM NaCl at pH 7. Concentration of labeled oligo-
nucleotides and target oligonucleotide was 1 mM. Melting analysis
was performed on a Cary 4000 UV/vis spectrometer with Cary
temperature controller. Samples were analyzed in 1 mL quartz
cuvettes. UV melting was carried out from 20  Ct o8 4 C, then from
84  Ct o2 0 C with the temperature changing 1  C/min. UV ab-
sorption was recorded every 0.1  C.
4.6. Quantum yield determination
Cyanine dyes and reference samples were dissolved in ethanol
and diluted to an optical density of  0.01 at the desired excitation
wavelength. Reference for the Cy3 dye quantum yield
measurements was Rhodamine: F¼1 in EtOH.70 Reference for the
Cy5 dyes quantum yield measurements was Cy5 NHS-ester: F¼0.3
in EtOH.71
The same excitation wavelength was used for the Cy-Dye sam-
ples and the reference, and was chosen to not overlap with the
emission spectra. The optical densities of the samples were mea-
sured on the Cary 50 Bio UV/vis spectrophotometer. Emission
spectra were recorded on PerkineElmer LS 50B luminescence
spectrometer using a 1 mL quartz cuvette, 1 cm pathlength.
The quantum yields were calculated according to:
F ¼ FR
I
IR
ODR
OD
h2
h2
R
Fdquantum yield of the sample, FRdquantum yield of the refer-
ence, Idintegrated intensity (area) of the sample, IRdintegrated
intensity (area) of the reference, ODdoptical density of the sample,
ODRdoptical density of the reference, hdrefractive index of the
sample solvent, hRdrefractive index of the reference solvent.
4.7. Extinction coefﬁcients
Samples of cyanine dyes were converted to the chloride form
using Dowex 1x2-200 ion-exchange resin (chloride) and dried in
vacuo at 50  C, over phosphorus pentoxide for 48 h. Samples were
prepared either in MeOH or EtOH and visible absorbance readings
were recorded for four different concentrations at 20  C. The
starting concentration was selected to give an absorbance reading
of w1.0 and serial dilutions of this sample gave a range of con-
centrations. Samples were analyzed in 1 mL cuvette on a Cary 4000
UV/vis spectrometer.
The extinction coefﬁcients were calculated according to the
BeereLambert law:
3 ¼
A
cl
h
M 1 cm 1
i
3 dextinction coefﬁcient of the sample, Adabsorbance of the
sample at lmax, cdconcentration (M), ldpathlength (1 cm).
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ABSTRACT
Cy3B is an extremely bright and stable fluorescent
dye, which is only available for coupling to nucleic
acids post-synthetically. This severely limits its use
in the fields of genomics, biology and nanotechnol-
ogy. We have optimized the synthesis of Cy3B, and
for the first time produced a diverse range of Cy3B
monomers for use in solid-phase oligonucleotide
synthesis. This molecular toolkit includes phosphor-
amidite monomers with Cy3B linked to deoxyribose,
to the 5-position of thymine, and to a hexynyl linker,
in addition to an oligonucleotide synthesis resin
in which Cy3B is linked to deoxyribose. These
monomers have been used to incorporate single
and multiple Cy3B units into oligonucleotides intern-
ally and at both termini. Cy3B Taqman probes,
Scorpions and HyBeacons have been synthesized
and used successfully in mutation detection, and a
dual Cy3B Molecular Beacon was synthesized and
found to be superior to the corresponding Cy3B/
DABCYL Beacon. Attachment of Cy3, Cy3B and
Cy5 to the 5-position of thymidine by an ethynyl
linker enabled the synthesis of an oligonucleotide
FRET system. The rigid linker between the dye and
nucleobase minimizes dye–dye and dye–DNA inter-
actions and reduces fluorescence quenching. These
reagents open up new future applications of Cy3B,
including more sensitive single-molecule and
cell-imaging studies.
INTRODUCTION
Cy-Dyes are a group of highly ﬂuorescent molecules that
cover a wide spectral range. They are important ﬂuoro-
phores which are used in many DNA-related applications.
Despite their great utility, most Cy-Dyes are vulnerable
to cis/trans isomerization about the polymethine linker
which leads to loss of ﬂuorescence upon excitation, par-
ticularly at elevated temperatures (1). In contrast to other
Cy-Dyes, Cy3B is conformationally locked; it is therefore
not prone to photo-isomerization and has superior ﬂuor-
escence properties. However, it is not available as a
phosphoramidite monomer, only as an N-hydroxysuc-
cinimide (NHS) ester or maleimide derivative.
Consequently it has to be introduced into oligonucleotides
post-synthetically. This makes it difﬁcult to synthesize
oligonucleotides containing Cy3B together with other
dyes that are added after oligonucleotide synthesis, and
limits its range of applications. Post-synthetic labelling
of one oligonucleotide with different dyes could be
achieved by using two orthogonal methods e.g. click
chemistry (2–4) in combination with amide bond forma-
tion. However, this approach is complex, time consuming
and relatively low yielding. It would therefore be advan-
tageous to have recourse to a range of Cy3B
phosphoramidite monomers and resins for incorporation
of this very bright ﬂuorophore into DNA during
solid-phase synthesis.
When designing phosphoramidite monomers for at-
taching Cy-Dyes to oligonucleotides the nature of the
linker warrants careful consideration. The commonly
used linkers are long and unstructured, allowing the
ﬂuorophore to sample a large volume of space, thereby
introducing imprecision into ﬂuorescence resonance
energy transfer (FRET) distance measurements. There is
a particular problem at short dye–dye distances where the
linker length can be comparable to the dye separation (5).
In this situation contact quenching can occur, and para-
doxically oligonucleotides with several ﬂuorophores have
low ﬂuorescence. The imprecision in FRET distance meas-
urement can be partially overcome if the Cy-Dye is added
at the 50-end of the oligonucleotides. In this case the
dye stacks on the end of the DNA duplex and is held in
a rigid position (6,7). However, a signiﬁcant proportion
of the dye molecules remain unstacked (1), so this is an
inadequate method of immobilizing Cy-Dyes for FRET
studies. For quantitative biophysical applications an
*To whom correspondence should be addressed. Tel: +44 23 8059 2974; Fax: +44 23 8059 3781; Email: tb2@soton.ac.uk
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 elegant solution has been developed in which a
ﬂuorophore is integrated into the structure of a nucleobase
which is held ﬁrmly in place by base pairing (8–10).
Several such ﬂuorescent nucleobases have been studied
and are proving to be useful in nucleic acid research
(11). However, their applications are somewhat restricted
by their low extinction coefﬁcients and poor quantum
yields, resulting in weak ﬂuorescence, in stark contrast
to the Cy-Dyes.
Integration of the ﬂuorophore into the structure of the
nucleobase is not a feasible approach for Cy-Dyes due to
their large size and the complex synthesis that would be
required. Therefore alternative methods are needed to
restrict the mobility of Cy-Dyes in DNA. In this context,
Balasubramanian et al. have devised a method to attach
Cy-Dyes to the 5-position of thymine bases in DNA via a
rigid ethynyl linkage (12). They achieved this by reacting
oligonucleotides containing 5-ethynyl-dU with iodo-
derivatives of Cy3 and Cy5 under Sonogashira conditions
on the DNA synthesis support. In DNA duplexes the rigid
linker restricts the mobility of the dye so that it samples a
reduced volume of space, minimizing dye/DNA inter-
actions and potentially reducing ﬂuorescence quenching
caused by interactions with the nucleobases (Figure 1B).
The above approach to oligonucleotide labelling is ingeni-
ous but it is complicated and precludes the synthesis
of oligonucleotides containing mixed internal Cy-Dyes.
A simpler and more efﬁcient strategy would be to
synthesize the equivalent rigid Cy-Dye dT phosphor-
amidite monomers and directly incorporate them into
oligonucleotides during automated solid-phase synthesis.
This would allow the efﬁcient synthesis of oligonucleotides
containing multiple and mixed Cy-Dyes.
We have achieved these objectives and now describe
the synthesis of the requisite ﬂuorescent phosphoramidites
and other monomers for the site-speciﬁc incorporation of
Cy3, Cy5 and Cy3B analogues into DNA (Figure 1A).
The design of an efﬁcient synthesis of the Cy3B dye
facilitated the development of a range of Cy3B
phosphoramidite monomers and a DNA synthesis resin.
This ‘molecular toolkit’ provides a ﬂexible approach for
incorporation of Cy3B into DNA by solid-phase
phosphoramidite chemistry and enables the synthesis of
ﬂuorescent oligonucleotides that were previously unob-
tainable. Oligonucleotides containing multiple additions
of these ﬂuorophores can be readily prepared, and the
biophysical properties of ﬂuorogenic DNA probes
labelled with these dyes have been determined. The syn-
thesis of oligonucleotides containing the highly ﬂuorescent
Cy3B dye is now greatly simpliﬁed, extending the potential
applications of this important ﬂuorophore.
MATERIALS AND METHODS
Methods for the synthesis of the Cy-Dye monomers,
oligonucleotide synthesis, UV and ﬂuorescence protocols
and analytical data on synthetic oligonucleotides are
described in the Supplementary Methods.
Polymerase chain reaction protocols
Polymerase chain reaction (PCR) mixtures were prepared
under sterile conditions using a LabCaire PCR worksta-
tion and pipetted into 0.2ml low-proﬁle white 8-tube
strips with optically clear lids (BioRad). All samples were
made up to a total volume of 20ml using a Precision HRM
Figure 1. (A) Cy-Dye molecular toolkit; Cy3BdT phosphoramidite A; 5-(hexyn-1-ol)-6-Cy3B phosphoramidite for 50-addition B; b-Cy3BdR
phosphoramidite C; a-Cy3BdR oligonucleotide synthesis resin for 30-addition D; 5-ethynyl-Cy3B E; Cy3dT phosphoramidite F; Cy5dT
phosphoramidite G. The CydT and b-Cy3BdR phosphoramidite monomers can be added either internally or at the 50-end of oligonucleotides
but the latter will not form a base pair. 5-Ethynyl-Cy3B can be used for modiﬁcation of oligonucleotides by click chemistry. (B) Flexible dye
linker (left) and short rigid dye linker (right) in the context of a DNA helix cross-section (only labelled strand shown). Blue shading (Cy5) and pink
shading (Cy3) suggests the volume of space that can be sampled by the dyes when the bases are paired. A short rigid linker restricts the dye and
prevents dye–DNA interactions.
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 Mastermix (Primer Design, 0.25 U Taq DNA polymerase,
2.5mM Mg
2+, 100mM of each dNTP) and 1pg of template
[ODN-1 wild-type template (wt), ODN-2 mutant template
(mt)]. Template was replaced with sterile water in the
negative control samples. Reactions were performed
using a BioRad CFX96 Real-Time PCR Detection
System with CFX Manager software, monitoring in
Channel 3 (excitation range 560–590nm, detector range
610–650nm), and all samples were run in triplicate.
Primer/probe concentration and thermal protocols are
detailed below.
For the Molecular Beacon probes, asymmetric PCR
was performed using 0.05mM forward primer (ODN-3),
0.5mM reverse primer (ODN-4) and 0.15mM probe
(ODN-8/ODN-9). The thermal protocol was initiated
with 8min at 95 C followed by 50 cycles of 95 C (15s),
58 C (15s) and 72 C (15s). For the Taqman probe, sym-
metric PCR was performed using 0.5mM forward primer
(ODN-5), 0.5mM reverse primer (ODN-4) and 0.15mM
probe (ODN-6). The thermal protocol was initiated with
8min at 95 C followed by 40 cycles of 95 C (15s), 55 C
(15s) and 68 C (30s). For the Scorpion probe, symmetric
PCR was performed using 0.5mM forward primer
(ODN-3) and 0.5mM Scorpion probe (ODN-10). The
thermal protocol was initiated with 8min at 95 C
followed by 40 cycles of 95 C (15s), 55 C (15s) and
61 C (30s). For the HyBeacon probes asymmetric PCR
was performed using 0.5mM forward primer (ODN-3),
0.05mM reverse primer (ODN-4) and 0.15mM probe
(ODN-7). The thermal protocol was initiated with 8min
at 95 C followed by 50 cycles of 95 C (15s), 50 C (15s)
and 72 C (15s) followed by a melt from 35 to 80 C on the
RotorGene3000 (0.5 C increments, 5s per step).
RESULTS AND DISCUSSION
Synthesis of Cy-Dye monomers, solid supports and
oligonucleotides
The synthesis of 5-iodo-Cy3B (7; Scheme 1) was adapted
from the procedure described in the patent literature for
the synthesis of Cy3B (13), which involves the addition of
a 3,3-diethyloxypropyl group at the 1N position of the
indole ring. This product was very unstable, so instead
the ethyldioxolane group was used. The resulting indoles
with protected aldehydes (2 and 4, Scheme 1) were used
immediately after synthesis to prevent deprotection of the
dioxolane and cyclization of the indole. The protection
was sufﬁciently robust during the subsequent reactions
to enable the synthesis of the hemicyanine dye
(5, Scheme 1) and the cyanine dye (6, Scheme 1). The
aldehyde groups were deprotected using aqueous sul-
phuric acid in chloroform allowing rapid tandem
cyclization to produce 5-iodo-Cy3B in high yield (96%).
The syntheses of 5-iodo-Cy3 (21, Supplemen-
tary Scheme S1) and 5-iodo-Cy5 (23, Supplementary
Scheme S2) were carried out using a combination of litera-
ture sources (12,14–16). The iodo derivatives of Cy3B, Cy3
and Cy5 were coupled to 5-ethynyl-dU (17) in moderate
yield by palladium cross-coupling chemistry to give the
corresponding Cy3BdT, Cy3dT and Cy5dT derivatives
which were converted to phosphoramidite monomers
(A, Scheme 1, F, Supplementary Scheme S1, G,
Supplementary Scheme S2). Due to their high polarity
and afﬁnity for silica gel, it was not feasible to purify the
monomers by chromatography. Instead, they were puriﬁed
by repeated precipitation using hexane and dichloro-
methane. The phosphitylation reactions were monitored
by thin layer chromatography (TLC) to ensure no more
phosphitylation reagent was added than absolutely neces-
sary, and under these conditions precipitation was an
effective means of puriﬁcation. Incorporation of the
CydT monomers into oligonucleotides during solid-phase
synthesis was achieved in high yield ( 98.0% by trityl
analysis) and multiple additions were straightforward, as
demonstrated by the synthesis of an oligonucleotide con-
taining ﬁve additions of Cy3dT (Figure 2A). In addition,
oligonucleotides containing both Cy3dT and Cy5dT were
readily prepared (Figure 2B). All oligonucleotides were
puriﬁed by high performance liquid chromatography
(HPLC), analysed by capillary gel electrophoresis and
characterized by mass spectrometry.
To expand the Cy3B toolkit, a monomer for the 50-
addition of Cy3B was synthesized by reacting iodo-Cy3B
with 5-hexyn-1-ol then converting the product to the
phosphoramidite (B, Scheme 2). Iodo-Cy3B was also
used as an intermediate in the synthesis of 5-ethynyl-
Cy3B (E, Scheme 3), which was used for the incorporation
of Cy3B into DNA by reverse click chemistry (18). The
Cy3B compounds were found to have a very high afﬁnity
for silica and so special care was taken during puriﬁcation;
methanolic ammonia was used in the mobile phase to
prevent retention of the compounds on the column. To
complete the series of Cy3B labelling reagents, Cy3BdR
(dR=deoxyribose) was synthesized by reacting iodo-
Cy3B with 10-hexynyl deoxyribose (Scheme 4).
Phosphitylation of the b-anomer provided a phosphor-
amidite monomer for internal or end-addition (C), and
attachment of the a-anomer to a solid support gave
a-Cy3BdR resin D, which provided a means of adding
Cy3B to the 30-end of oligonucleotides. The above
monomers and solid supports enable the facile incorpor-
ation of Cy-Dyes into oligonucleotides at any internal or
terminal position during oligonucleotide synthesis.
Properties of oligonucleotides containing Cy-Dyes
The effects of Cy3dT, Cy5dT and Cy3BdT on DNA
duplex stability were evaluated by UV melting using a
series of 23- to 25-mer oligonucleotides. Each dye
slightly destabilized the duplex; Cy3BdT ( 3.4 C),
Cy5dT ( 3.1 C) and Cy3dT ( 2.4 C), as is often
observed for nucleobases labelled with ﬂuorophores
(Supplementary Table S1, sequences in Supplementary
Table S2). Nevertheless, these results demonstrate that
the Cy-dT monomers can be used as thymidine analogues
without greatly perturbing the DNA duplex. This was con-
ﬁrmed by comparing the CD spectra of oligonucleotides
containing Cy-Dyes with their unmodiﬁed counterparts
(Supplementary Figure S1).
The ﬂuorescence quantum yields of the Cy3B monomers
were, as expected, signiﬁcantly higher than Cy3, Cy5 or
PAGE 3 OF 10 Nucleic Acids Research, 2012,Vol.40, No. 14 e108
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 the corresponding Cy3dT and Cy5dT monomers (0.5 and
0.8 for Cy3BdT and b-Cy3BdR, respectively, compared to
0.15 and 0.28 for Cy3 and Cy5 NHS esters and 0.05 and
0.06 for Cy3dT and Cy5dT, respectively, Supplementary
Table S3). Cy3B is not normally vulnerable to the
photo-induced cis/trans isomerization or the temper-
ature-dependent decrease in ﬂuorescence exhibited by
Cy3 and Cy5 because the rigid cyclized polymethine
linker prevents rotation (1,19–23). To demonstrate this
holds true for our derivatives, Cy3dT, Cy5dT and Cy3B
oligonucleotides ODN-20, ODN-21, ODN-23, ODN-11
(Supplementary Table S4) were subjected to ﬂuorescence
melting. The oligonucleotides containing Cy3dT
(ODN-20) and Cy5dT (ODN-21) exhibited signiﬁcant
temperature dependence, whereas the Cy3B oligonucleo-
tides (ODN-23, ODN-11) showed virtually no reduction in
ﬂuorescence with increased temperature (Supplementary
Figure S2). The above results indicate that oligonucleo-
tides containing the new Cy3BdT monomers will be
particularly suitable in biochemical and biological appli-
cations which require high sensitivity, and in studies that
are carried out at elevated temperatures (e.g. high-
resolution DNA melting).
In a preliminary study, duplexes containing Cy3dT and
Cy5dT in complementary strands showed the expected
inverse correlation between FRET efﬁciency and the
distance between the dyes (Supplementary Figure S4,
Supplementary Table S5). The dyes are located in the
major groove on the periphery of the duplex (5-position
of thymine) which means that increasing the base pair
separation between Cy-Dye labelled bases along the
helical axis sometimes brings the dyes closer together
about the helix axis (Supplementary Figure S5), an effect
also seen by Clegg et al. (24). This effect is unavoidable for
any dye that is attached to a DNA base. The rigidity of the
ethynyl linker imposes another important restriction on
dye mobility; FRET measurements at shorter
dye-acceptor distances are possible as the dyes cannot
reach each other to give contact quenching.
As indicated by Seidel et al. (5), short linkers are
required for measuring short distances in DNA, because
the length of long linkers is comparable to the absolute
distances between donor and acceptor dyes. They also
note that 
2-related uncertainties for short linkers are out-
weighed by better deﬁned dye positions. Hence, although
rotation about the short linker of the Cy-dT monomers
imposes uncertainty in the 
2 value, this is compensated by
the precise dye positioning along the helical axis. This is
Scheme 1. Synthesis of Cy3BdT phosphoramidite. Reagents and conditions: (i) Bromoethyl-1,3-dioxolane, KI, MeCN, reﬂux, 45h, 29%;
(ii) bromoethyl-1,3-dioxolane, KI, MeCN, reﬂux, 45h, 56%; (iii) N,N0-diphenylformamidine, EtOH, triethylorthoformate, 97 C, 16h, 65%; (iv) 2,
pyridine, Ac2O, 50 C, 24h, 79%; (v) CHCl3, 50% aqueous H2SO4, room temperature, 20min, 96%; (vi) 5-ethynyl-dU, CuI, Pd(PPh3)4,E t 3N, DMF,
room temperature, 1.5h, 42%; (vii) 2-cyanoethyl-N,N-diisopropyl-chlorophosphoramidite, DIPEA, DCM, room temperature, 45min, 63%.
Figure 2. Capillary electrophoresis analysis (monitored at 260nm).
(A) An oligonucleotide containing ﬁve additions of Cy3dT (ODN-38).
(B) An oligonucleotide containing both Cy3dT and Cy5dT (ODN-16).
e108 Nucleic Acids Research, 2012,Vol.40, No. 14 PAGE 4 OF 10
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 Scheme 4. Synthesis of b-Cy3BdR phosphoramidite and a-Cy3BdR solid support. Reagents and conditions; (i) MeOH, 1% methanolic HCl, room
temperature, 30min; (ii) pyridine, p-toluoyl-chloride, 0 C then room temperature, 16h; (iii) acetic acid, saturated HCl in acetic acid, acetyl chloride,
0 C then room temperature, 64% over three steps; (iv) THF, DCM, DMAP, 5-hexyn-1-ol, room temperature, 3.5h, 53%; (v) methanolic ammonia,
45 C, 16h, 82%; (vi) DMTCl, pyridine, DMAP, 1h, room temperature, a 47%, b 41% (total 88%); (vii) 7, CuI, Pd(PPh3)4,E t 3N, DMF, 52h, room
temperature, a 66%, b 73%; (viii) 2-cyanoethyl-N,N-diisopropyl-chlorophosphoramidite, DIPEA, DCM, room temperature, 45min, 94%; (ix)
succinylated amino-link resin, N-(3-dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride, DMAP, Et3N.
Scheme 2. Synthesis of 5-(hexyn-1-ol)-6-Cy3B phosphoramidite. Reagents and conditions: (i) 5-hexyn-1-ol, CuI, Pd(PPh3)4, DMF, Et3N, room
temperature, 5h, 82%; (ii) 2-cyanoethyl-N,N-diisopropyl-chlorophosphoramidite, DIPEA, DCM, room temperature, 45min, 93%.
Scheme 3. Synthesis of 5-ethynyl-Cy3B. Reagents and conditions: (i) trimethylsilylacetylene, CuI, Pd(PPh3)4,E t 3N, DMF, 16h, room temperature,
71%; (ii) TBAF, THF, 5min, room temperature, 75%.
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 clearly a complicated issue made more complex by the
dynamics of the DNA duplex, and a detailed study will
be undertaken by us in due course.
Studies on ﬂuorogenic PCR probes containing
Cy3B monomers
Several ﬂuorogenic PCR probes (Figure 3) containing
Cy3B were synthesized; a Taqman probe (25,26), a
HyBeacon (27–30), a Molecular Beacon (31–36) and a
Scorpion probe (37–39); along with synthetic tem-
plates and primers for the cystic ﬁbrosis transmembrane
conductance regulatory (CFTR) gene (R516G mutation)
(ODN-1wt, ODN-2 mt, ODN-3 forward primer, ODN-4
reverse primer, Table 1).
Molecular Beacon probes containing b-Cy3BdR
phosphoramidite and a-Cy3BdR resin
Molecular Beacons are optical switches that have very low
ﬂuorescence in the closed form and highly intense ﬂuores-
cence in the hybridized form. Cy3B Molecular Beacons
were designed to probe the antisense strand (instead of
the sense strand ODN-1) in order to achieve a good wt/
mt discrimination by forming an AC mismatch which is
particularly unstable at neutral pH and above, instead of a
relatively stable TG mismatch (40–42). Two Molecular
Beacon probes were evaluated. Firstly, a conventional
Molecular Beacon was designed with a 30-DABCYL
quencher and 50-b-Cy3BdR ﬂuorophore (ODN-8). It has
been established (43) that DABCYL is a suitable contact
quencher for Cy3B with minimal unwanted FRET
quenching in the open Beacon. Secondly, a dual-
ﬂuorophore Molecular Beacon (ODN-9) was synthesized
using the a-Cy3BdR solid support at the 30-end and the
b-Cy3BdR phosphoramidite monomer at the 50-end.
Dual-ﬂuorophore Molecular Beacons have been described
previously (44). In the closed form the two dyes stack to
form a quenched dimer, whereas in the hybridized form
they give increased ﬂuorescence compared to standard
dye-quencher Molecular Beacons. Variations on the
dual-ﬂuorophore Molecular Beacon have been studied
using several chromophores (45–47) but it remains a chal-
lenge to obtain good closed-Beacon quenching yet retain
high ﬂuorescence in the hybridized form. It was hoped
that both these requirements could be fulﬁlled using
Cy3B dual-ﬂuorophore Molecular Beacons. Asymmetric
real-time PCR using both Beacons gave successful wt/mt
discrimination using ODN-8 (Supplementary Figure S3)
and ODN-9 (Figure 4A). In both probe formats the
wild-type template had a cycle-threshold (CT) value of
20 whereas the mutant-type template showed no
real-time ﬂuorescence accumulation. This is because the
duplexes formed between the mutant template and
the Molecular Beacon probes are unstable due to the
mismatch, so are not formed at the monitoring tempera-
ture during the PCR (58 C). The dual-ﬂuorophore
Molecular Beacon gave a far superior real-time ampliﬁca-
tion than the traditional Molecular Beacon giving almost
double the ﬂuorescence signal.
Taqman probe containing 50-Cy3B phosphoramidite
A Taqman probe with 50-Cy3B (5-(hexyn-1-ol)-6-Cy3B
phosphoramidite) and internal BHQ2 was synthesized
(ODN-6, Table 1). BHQ2 was chosen as the FRET
quencher due to its strong absorbance at the emission
wavelength of Cy3B (BHQ2 abs max 580nm). In a con-
ventional Taqman probe (normally  20 bases in length)
the ﬂuorophore is located at the 50-end so that it is cleaved
efﬁciently by the DNA polymerase, and the quencher is
located at the 30-end (25). A longer probe (29 bases) was
designed for the AT-rich CFTR R516G locus to ensure
that the probe was annealed to the template at the PCR
extension temperature. The quencher was located cen-
trally within the probe to allow for efﬁcient FRET
quenching of the ﬂuorophore. Symmetric real-time PCR
was carried out to give successful discrimination between
the wild-type and mutant templates (Figure 4B). The
wild-type had a CT value of 16 indicating that probe
cleavage during the extension step was very efﬁcient,
whereas the mutant had a CT value of 19; in this case
Figure 3. The mechanism of action of (A) Molecular Beacon probes, (B) Taqman probes, (C) Scorpion probes and (D) HyBeacon probes.
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 the probe-template duplex is unstable and so the probe
was cleaved at a far slower rate. The ratio of ﬂuorescence
intensity ( 6.5:1wt:mt) is also a clear indicator of good
wt/mt discrimination.
Scorpion probe containing b-Cy3BdR
phosphoramidite monomer
A Scorpion probe was synthesized containing b-Cy3BdR
and a DABCYL quencher (ODN-10) (Table 1). Symmetric
real-time PCR was carried out and excellent wt/mt discrim-
ination was obtained (Figure 4C). The wild-type template
hadaCT valueof18andtheﬁnalﬂuorescenceintensitywas
high, indicating efﬁcient probe-template duplex formation.
This was anticipated, as Scorpion probe-amplicon binding
is kinetically favoured over re-annealing of the amplicon,
and is thermodynamically favoured over re-folding into a
hairpin structure, thereby providing a rapid and robust
signalling mechanism (37,38).
Table 1. Oligonucleotide sequences used in the PCR study
ODNs Sequences ODN descriptions
ODN-1 TCTCAGTTTTCCTGGATTATGCCTGGCACCATTAAAGAAAATATCATCTTTGGTG
TTTCCTATGATGAATATAGATACAGAAGCGTCATCAAAGCATGCCAACTAGAA
GAGGTAAGAAACTATGTGAAAACTTTTTGA
Wild-type template
ODN-2 TCTCAGTTTTCCTGGATTATGCCTGGCACCATTAAAGAAAATATCATCTTTGGTGT
TTCCTATGATGAATATGGATACAGAAGCGTCATCAAAGCATGCCAACTAGAAGA
GGTAAGAAACTATGTGAAAACTTTTTGA
Mutant template
ODN-3 CAGTTTTCCTGGATTATGCC Forward primer
ODN-4 CAAAAAGTTTTCACATAGTTTCTT Reverse primer
ODN-5 GGCACCATTAAAGAAAATATCA Reverse Taqman primer
ODN-6 hTTCCTATGAqGAATATAGATACAGAAGCGp Taqman probe
ODN-7 CGCTTCbGTATCbATATTCATCp HyBeacon
ODN-8 sCCTAGCATGATGAATATAGATACAGAAGCGTCGCTAGGd Dye-quencher
Molecular Beacon
ODN-9 sCCTAGCATGATGAATATAGATACAGAAGCGTCGCTAGGr Dual-ﬂuorophore
Molecular Beacon
ODN-10 sCCGCGGGATGAATATAGATACAGAAGCGCCGCGGQHTCTTCTAGTTGGCATGCT Scorpion probe
Key; b=Cy3BdT phosphoramidite; p=propanol resin; h=5-(hexyn-1-ol)-6-Cy3B phosphoramidite; d=DABCYL resin; Q=DABCYL-dT
phosphoramidite; r=a-Cy3BdR resin; s=b-Cy3BdR phosphoramidite; H=Hexaethylene glycol; q=BHQ2-dT phosphoramidite. PCR templates
(ODN-1wt, ODN-2 mt) show the mutation site underlined. PCR primers (ODN-3 forward, ODN-4 reverse and ODN-5 reverse primer for Taqman
probe).
Figure 4. Wild-type template (blue), mutant template (red) and negative control (black). Samples performed in triplicate. (A) Fluorescence accu-
mulation during real-time PCR using the dual-ﬂuorophore Molecular Beacon (ODN-9). (B) Fluorescence accumulation of real-time PCR using a
Taqman probe containing Cy3B and BHQ2 (ODN-6). (C) Fluorescence accumulation of real-time PCR using a Scorpion probe containing Cy3B and
DABCYL (ODN-10). (D) Fluorescence accumulation of real-time PCR using a HyBeacon probe containing Cy3BdT (ODN-7). (E) The derivative of
the ﬂuorescence melting curve, giving Tm values for the wild-type (50 C) and mutant (45 C).
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 HyBeacon probe containing Cy3BdT
phosphoramidite monomer
HyBeacon probes can be used to monitor the PCR in real-
time, but their major beneﬁt stems from post-ampliﬁcation
melting which gives precise discrimination between wild-
type and mutant targets (matched and mismatched). A
HyBeacon probe was synthesized containing two Cy3BdT
units (ODN-7, Table 1). Asymmetric PCR was carried out
followed by post-PCR ﬂuorescence melting and the results
are shown in Figure 4. The wild-type has a CT value of 22
while the mutant has a CT value of 25 (Figure 4D). In
addition, the ratio of ﬂuorescence intensity is  4:1
(wt:mt) as a result of the mutant duplex being less stable
at the monitoring temperature. The derivative of a
post-ampliﬁcation melting curve (Figure 4E) gives clearly
deﬁned Tm values of 50 C for the wt and 45 C for the
mutant, making it possible to unambiguously discriminate
between them.
CONCLUSIONS
A new range of Cy-Dye phosphoramidite monomers
have been synthesized and incorporated into synthetic
oligonucleotides. The phosphoramidite method of
insertion during DNA synthesis allows for efﬁcient
multiple and mixed dye additions and provides a con-
venient and efﬁcient site-speciﬁc method of inserting
cyanine dyes into oligonucleotides. A Cy3B molecular
toolkit has been produced based on an efﬁcient synthe-
sis of iodo and ethynyl derivatives of the Cy3B dye.
These new Cy3B phosphoramidite monomers and
solid supports offer major advantages over the commer-
cially available post-synthetic Cy3B labelling reagents, as
they provide a convenient way to incorporate single or
multiple Cy3B units at any oligonucleotide position in
high yield, as demonstrated by the synthesis of oligo-
nucleotides labelled internally and at both ends. As
anticipated, Cy3B oligonucleotides have superior ﬂuores-
cence properties compared to Cy3 and Cy5 analogues.
The synthesis of a Taqman probe, a HyBeacon probe, a
Molecular Beacon and a Scorpion probe containing
various Cy3B monomers demonstrates the utility of the
Cy3B molecular toolkit and a dual-ﬂuorophore Molecular
Beacon containing a Cy3B monomer at both termini was
found to be superior to a corresponding Cy3B/DABCYL
Molecular Beacon. A preliminary study indicated that the
rigid ethynyl Cy-dT monomers can be used to measure
FRET within an oligonucleotide, and detailed studies of
this type will be undertaken in the future. It is envisaged
that oligonucleotide probes containing this new range of
Cy-Dye monomers could be used for single-molecule and
cell-imaging studies.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online:
Supplementary Schemes 1 and 2, Supplementary Tables
1–5, Supplementary Figures 1–5, Supplementary Methods
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studies) and Supplementary References [12–18,48–62].
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Six-Colour HyBeacon Probes for Multiplex Genetic Analysis
James A. Richardson,
[a] Marta Gerowska,
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[b] and Tom Brown*
[a]
The analysis of single-point mutations in DNA (nucleotide dele-
tions, insertions and substitutions) has transformed human di-
agnostics and pharmacogenetics, enabling the development of
safer drug treatment regimes for diseases such as cancer, hy-
percholesterolemia and thrombosis.
[1] In these fields, rapid and
precise feedback is essential, and to this end we are develop-
ing HyBeacon probes for use in the clinic.
[2] HyBeacons are
linear oligonucleotides possessing one or more fluorescent
dyes tethered to internal nucleotides.
[3] The inherent fluores-
cence-quenching properties of the DNA bases and attached
fluorophores cause fluorescence emission to be low in the un-
structured single-stranded probe. Upon hybridization to their
DNA target, the rigid double strand removes the fluorophores
from the vicinity of the nucleobases and increases the separa-
tion between the dyes. The resultant increase in fluorescence
can be used to discriminate between DNA sequences that
differ by only a single base (wild-type/mutant, single nucleo-
tide polymorphisms (SNPs)) by melting-curve analysis.
[4] This
powerful technology has recently become increasingly impor-
tant due to the emergence of high-resolution DNA melting
platforms. Unlike many other fluorogenic probes, HyBeacons
do not possess internal secondary structure, so clean and re-
producible melting transitions are obtained. Until now, HyBea-
con assays have been limited in fluorophore choice to fluores-
cein and its hexachloro derivative Hex, thus precluding their
use in the more complex multiplex assays that are vitally im-
portant in a diagnostic context. We now report a six-colour
PCR-based HyBeacon system and demonstrate its use in the
analysis of mutations in the cystic fibrosis transmembrane con-
ductance regulator (CFTR) gene of human DNA, ABCC7. Alter-
native systems based on real-time PCR also exist. Taqman
[5]
and displacement probes
[6] are capable of detecting three bial-
lelic SNPs simultaneously, but require two probes for each gen-
otype. High-resolution melting (HRM) with DNA-binding dyes
can provide melting-temperature analysis but is limited to a
single colour.
[7] Hybridization probes
[8] and molecular beacons
[9]
have been used in three- and four-colour systems, respectively,
but melting analysis with the latter is complicated by secon-
dary structure.
In previous studies, HyBeacons were labelled with various
fluorescein dT phosphoramidite monomers during oligonu-
cleotide synthesis.
[3–4] However, the phosphoramidites of other
fluorescent nucleotides are not generally available, so in our
latest study, oligonucleotide probes containing 5-aminoalkyl-
and 2’-aminoethoxythymidine were labelled with the commer-
cially available N-hydroxysuccinimide (NHS) esters of a series of
fluorophores. Labelling in the 5-position places the fluorophore
in the major groove of the DNA duplex, whereas 2’-labelling
directs the dye towards the minor groove. By using this strat-
egy a series of six HyBeacon probes was designed to target
the R516G mutation in the CFTR gene. Each probe contained
two additions of the amino-modified T monomer (Scheme 1),
with a spacing of three, five or seven nucleotides (Table 1).
The spacing between the amino-T monomers and the dye-
labelling position (major or minor groove) was varied to pro-
duce substrates for a series of fluorescently labelled HyBea-
cons. The probes were labelled with six different fluorophores;
fluorescein (6-FAM), 6-carboxy-4’,5’-dichloro-2’,7’-dimethoxy-
fluorescein (JOE), Cy3, Cy3b, Texas Red (5/6-TxR) and Cy5). This
combination spans a range of mutually compatible excitation
and emission wavelengths and provides three structurally di-
Scheme 1. Chemical structures of amino-modified monomers 2’-amino-
ethoxy-T (1) and C6-amino-dT (2). Synthesis of the 2’-aminoethoxy-T
monomer is described in the Supporting Information.
Table 1. Sequences of HyBeacons used to probe the R516G mutation in
the CFTR gene and synthetic DNA targets (mutation underlined).
HyBeacon HyBeacon sequence
[a]
HyB-3m CGCTTC1GTA1CTATATTCATCP
HyB-5m CGCTTC1GTATC1ATATTCATCP
HyB-7m CGCTTC1GTATCTA1ATTCATCP
HyB-3M CGCTTC2GTA2CTATATTCATCP
HyB-5M CGCTTC2GTATC2ATATTCATCP
HyB-7M CGCTTC2GTATCTA2ATTCATCP
WT target CTATGATGAATATAGATACAGAAGCGTCAT
MT target CTATGATGAATATGGATACAGAAGCGTCAT
[a] Each probe contains two additions of 2’-aminoethoxy-T (1) or C6-
amino-dT (2) placing the dyes in the minor groove (m) or major groove
(M), respectively. P: 3’-propanol PCR blocker.
[a] Dr. J. A. Richardson, M. Gerowska, M. Shelbourne, Prof. T. Brown
School of Chemistry, University of Southampton
Southampton SO17 1BJ (UK)
Fax: (+44)2380 592991
E-mail: tb2@soton.ac.uk
[b] Dr. D. French
Innovation and Development
LGC, Teddington TW11 0LY (UK)
Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/cbic.201000623: experimental details for oligonu-
cleotide synthesis, monomer synthesis, PCR and fluorescence melting are
available in the Supporting Information.
2530   2010 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2010, 11, 2530–2533verse classes of fluorophores; the fluorescein, sulforhodamine
and cyanine dyes.
These probes were analysed individually by fluorescence
melting by using a synthetic oligonucleotide target and a PCR-
compatible buffer. The resulting melting curves and their deriv-
atives (melting peaks) provided data that were used to deter-
mine the optimum HyBeacon design for each of the six dyes
(Figure 1). There was a large variation in fluorogenic properties
depending on the nature of the fluorophores, the spacing be-
tween them and also their location (major or minor groove).
Interestingly, TxR, Cy3, Cy5 and Cy3b functioned significantly
better when located in the minor groove. In the cases of Cy3
and Cy5, this is probably due to their established DNA-binding
properties,
[10] namely their ability to fit tightly into the minor
groove of the duplex so as to restrict rotation around the poly-
methine bridge of the chromophore which can otherwise
occur due to irradiation (photoisomerization) and heating. The
rigid DNA scaffold holds them in the trans configuration there-
by inhibiting deactivating pathways.
[11] Upon melting, the
minor groove collapses, and the dyes are free to isomerize,
thus producing characteristic melting curves from which the
melting temperature (Tm) can be determined.
When the Cy dyes are placed in the major groove, no such
stabilizing scaffold is available as the groove is too wide, and
only a weak fluorogenic effect is observed. In the case of TxR
and the configurationally locked Cy3b, it is possible that the
extended, positively charged aromatic system also binds in the
minor groove. In contrast, the anionic fluorescein dyes FAM
and JOE give a stronger HyBeacon effect when located in the
major groove. There are some interesting distance-dependent
effects, particularly for the Cy dyes and TxR, that we are cur-
rently investigating. These results illustrate the importance of
exploring different modes of dye attachment to optimise the
performance of HyBeacons.
The above observations were used in the design of a series
of HyBeacons to analyse six mutations in exon 10 of the CFTR
gene (Table 2); C524X (C to A, AG mismatch), E479X (G to T, TC
mismatch), S466X (C to G, GG mismatch), C491R (T to C, CA
mismatch) R516G (A to G, GT mismatch) and DF508 (TTT dele-
tion). The mutations reduce the stability and Tm of probes rela-
tive to wild-type (Table 3), and the degree of destabilization
depends on the nature of the mismatch.
This six-probe (6-plex) assay was designed for use on ther-
mal-cycling genetic-analysis instruments such as the Rotor-
Gene Q 6-plex (Qiagen). In order to use all six channels, two
new dyes, AlexaFluor 350 (A350) and Dyomics DY680, were
selected for the blue and crimson channels, respectively. The
Figure 1. Melting peak heights (dF/dT) of HyBeacons labelled with two ad-
ditions of 5/6-TxR, 6-FAM, Cy3, Cy3b, 6-JOE and Cy5, with spacings of 3, 5 or
7 nucleotides in the minor (m) or major (M) groove (sequences in Table 1).
Mean of ten repeats with standard deviation. Data recorded on a Rotorgene
3000.
Table 2. Sequences and fluorophores used in six HyBeacon probes tar-
geting mutations in the CFTR gene (mutation site underlined).
Code Sequence
[a] Target Label
HyB-1 CTTCTAGT1GGCATGC1TTGATGP C524X A350
HyB-2 ATT2TACCC2CTGAAGGCTCCP E479X 6-FAM
HyB-3 CCATAATCA2CAT2AGAAGTGAAGP S466X 6-JOE
HyB-4 AACTGAGAACAGAA1GAAA1TCP C491R 5/6-TxR
HyB-5 CGCTTC1GTATCTA1ATTCATCP R516G Cy5
HyB-6 CACCAAAGATGA1ATTTTCT1TAATGGP DF508 DY680
[a] HyBeacons contain two additions of either 2’-aminoethoxy-T (1)o rC 6 -
amino-dT (2). P: 3’-propanol PCR blocker.
ChemBioChem 2010, 11, 2530–2533   2010 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org 2531other fluorophores used were 6-FAM (green), 6-JOE (yellow), 5/
6-TxR (orange) and Cy5 (red; Table 2).
The probes were analysed in a multiplex format against
their synthetic wild-type (WT) and mutant (MT) targets
(Figure 2 top and Figure S1 in the Supporting Information).
Seven different artificial multiplex samples were analysed, six
of which contained the WT target for five of the probes and a
mutant target for one probe; the seventh contained all wild-
type targets. Importantly the presence of a mutation in a
particular channel (Table 3, bold) had no effect on the melting
temperatures of the adjacent probes; this demonstrated the
absence of cross-talk between channels that could otherwise
compromise the specificity and accuracy of multiplex genetic
analyses.
To mimic a real application, the multiplex HyBeacon system
was evaluated with 2 ng of wild-type genomic DNA. Melting
analysis of the PCR amplicons provided six distinguishable
Table 3. Tm values [8C] of HyBeacons HyB-1, HyB-2, HyB-3, HyB-4, HyB-5
and HyB-6 with six synthetic WT targets or five WT targets and one MT
target. Probe-MT target melting temperatures are in bold.
Ch WT C524X E479X S466X C491R R516G DF508
1
[a] 57.9 53.5 57.8 58.3 58.0 58.3 58.6
2
[b] 59.3 59.1 47.6 59.4 59.7 59.1 59.2
3
[c] 54.0 54.0 54.0 46.8 54.0 54.0 54.2
4
[d] 54.6 54.2 54.5 54.1 46.5 54.2 54.0
5
[e] 53.7 53.5 53.8 53.8 53.3 51.7 53.6
6
[f] 53.6 53.9 53.7 53.8 53.7 51.7 43.4
Standard deviations in melting temperatures (from four repeat samples);
[a] WT 0.1/MT 0.0, [b] WT 0.3/MT 0.1, [c] WT 0.0/MT 0.1, [d] WT 0.2/MT 0.0,
[e] WT 0.0/MT 0.1 and [f] WT 0.2/MT 0.2. Data were recorded on a Rotor-
Gene Q 6-plex.
Figure 2. Melting curves (left) and peaks (right) of a multiplex containing six HyBeacons for either synthetic WT (upper) or PCR amplicon targets (lower). Tm
values are given in Table 3. Analysis was performed on a spectrofluorimeter by using excitation/emission wavelengths corresponding to the six channels on
the Rotor-Gene Q 6-plex instrument; channel 1) lex=365/lem=460 nm (blue, A350); 2) lex=470/lem=510 nm (green, FAM); 3) lex=530/lem=557 nm (yellow,
JOE); 4) lex=585/lem=610 nm (orange, TxR); 5) lex=625/lem=660 nm (red, Cy5) and 6) lex=680/lem=712 nm (crimson, DY680). Melting temperatures and
standard deviations for PCR-generated curves for channels 1–6 are, respectively, 55.88C( 0.2), 57.08C( 0.1), 52.48C( 0.1), 53.18C( 0.5), 52.98C( 0.1)
and 52.58C( 0.1).
2532 www.chembiochem.org   2010 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2010, 11, 2530–2533melting curves (Figure 2 lower), thus demonstrating the poten-
tial of the six-colour HyBeacon system for the direct analysis of
clinical samples (melting curves, primer sequences, sequencing
analysis and method in ESI).
Synthetic heterozygous samples for probes HyB-2, HyB-3,
HyB-4 and HyB-6 displayed the expected peaks for both the
WT and MT targets, retaining clear allelic discrimination
(Figure 3). However, HyB-1 and HyB-5 failed to resolve WT and
MT, instead yielding a single broad melting peak. This is due to
the increased stability of the GT and AG mismatches causing
the WT and MT peaks to merge. To demonstrate that these
two fluorophores (Alexa 350 and Cy5) are capable of produc-
ing resolved WT and mutant melting peaks, two more probes
that were fully complementary to the mutant sequences were
synthesised (Table 4). As expected, these probes displayed
higher melting temperatures for the mutant sequence than
the wild type and gave large differences in melting tempera-
tures due to the instability of the CA and TC mismatches, thus
allowing heterozygote detection as twin peaks (Figure 3).
In conclusion, there is an urgent need for rapid multiplexed
genetic tests and for point-of-care diagnosis of complex bacte-
rial or viral infections; to address this we have invented a
novel HyBeacon probe system. HyBeacons have no secondary
structure, so they can be used straightforwardly in genetic
analysis by DNA melting. Melting is a particularly effective
method of probing DNA for specific sequences and identifying
point mutations due to its speed and simplicity. This study is
timely because equipment is now becoming available for high-
resolution DNA melting on clinical samples. Before now, Hy-
Beacon probes were only available as one- or two-colour sys-
tems. In this study, we have shown that several classes of fluo-
rophore can function effectively in HyBeacons provided that
they are attached to the probe by the correct chemi-
cal linkages. Eight different fluorophores have been
shown to function effectively, and further systematic
studies are likely to reveal many more suitable dyes.
To demonstrate the effectiveness of multicolour Hy-
Beacons in a clinically important context, a combina-
tion of six HyBeacon probes has been used to simul-
taneously analyse mutations in the human CFTR
(cystic fibrosis) gene. This provided a previously un-
reported six-channel “one-colour-per-locus” system
for genetic analysis by DNA melting.
This work shows the considerable potential of Hy-
Beacons in clinical diagnostics. Further advances in
the use of HyBeacons are limited only by the optical
constraints of the instrumentation currently available.
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Figure 3. Left: Melting peaks of WT (black), MT (red) and heterozygote (blue) with HyB-3
for synthetic targets. Right: Tm values [8C] of HyBeacons HyB-1b, HyB-2, HyB-3, HyB-4,
HyB-5b and HyB-6, with six synthetic homozygote targets.
Table 4. Sequences and fluorophores used in the two HyBeacon probes
targeting the C524X and R516G mutant sequences (mutation site under-
lined).
Code Sequence
[a] Target Label
HyB-1b CTTCTAGT1GTCATGC1TTGATGP C524X A350
HyB-5 CGCTTC1GTATCCA1ATTCATCP R516G Cy5
[a] HyBeacons contain two additions of 2’-aminoethoxy-T (1). P: 3’-propa-
nol PCR blocker.
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